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ABSTRACT

QUANTUM DOT - POLYMER NANOCOMPOSITES: NEW MATERIALS FOR
DISPERSION, ENCAPSULATION, AND ELECTRONIC APPLICATIONS

September 2006

KEVIN N. SILL, B.S.. UNIVERSITY OF ILLINOIS

M.S.. UNIVERSITY OF MASSACHUSETTS AMHERST

Ph.D., Ul^IVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Todd S. Emrick

Tremendous advances in the synthesis and functionahzation of nanoparticles

over the past twent}^ years have resuhed in remarkable discoveries in the field of

nanoteclinology. One such development is found in quantum dots, semiconductor

nanoparticles that exhibit unique optical and electronic properties not found in the bulk.

Research efforts associated with the combination of quantum dots and polymers center

on uniting the mechanical or processing properties of the polymer with the optical

properties of the quantum dot. Simply blending polymers with nanoparticles to pically

leads to nanoparticle aggregation, which negates the inherent advantageous properties

of the quantum dots. The de\ elopment of organic and poh mer ligands for nanoparticle

surface modification enables the preparation of dispersed nanocomposites that retain, or

e\ en enliance. the original nanoparticle properties.

Presented here is the synthesis of functionalized nanoparticles that are tailored

for the growth of polymers directh' from the particle surface. Initial studies focused on

the prepai-ation of nanoparticle-polymer hybrid materials v\here the nanoparticles were

vi



e\'enl}' dispersed throughout the polymer. A method was developed to cross-linl<;

polymers grafted from the nanoparticle in an encapsulating shell, with the goal of

minimizing nanoparticle degradation. In addition, polymerization chemistry from

quantum dot surfaces was modified and optimized to produce conjugated polymer-

quantum dot composites. The coupling of these two electronically active components

gave composite materials with very unique optical properties that hold potential as

displays, sensors, and light-emitting materials.
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CHAPTER 1

INTRODUCTION

1.1 Nanotechnolog}' and Nanoparticles

Efforts in nanoscience and nanotechnology are broad and often interdisciplinar>',

encompassing the fields of chemistry, biology, physics, engineering and materials

science, with an emphasis on the understanding, development, fabrication,

characterization and application of materials on the nanometer size scale.
''^ For example,

key components of the microelectronics industry are enabled by processes performed at

the nanoscale. These nanoscale materials are prepared by either "top-down" or "bottom-

up" approaches. The top-down technique involves the dowiiw'ard scaling of bulk

materials to nanoscale dimensions. For example, conventional photolithography for the

generation of nanoscale surface features is performed in a top-down fashion by

irradiation and selective dissolution of polymer films using nanoscale masks.
'°

Commercial computer processors currently utilize a 45 nm lithographic process while

state-of-the-art photolithographic techniques allow for features down to 20 nm."'^^ Other

lithographic techniques such as electron beam or soft X-ra\ lithograph}' allow for the

creation of lines less than 10 nm wide.'"*

Alternatively, bottom-up approaches involve prepai-ation of nanoscale materials

from chemical precursors. Nanoparticles of many compositions can be prepai-ed with

dimensions from 1 to 100 nm. Nanoparticles are composed of a variet}' of materials such

as clay, iron, carbon, gold and a host of metals and metal amalgams.
'"""'^^

Each distinct

nanoparticle carries its own unique properties that often differ from the properties of the
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bulk material. Based upon composition, the core of the nanoparticle can possess

magnetic, semiconducting or catalytic properties that make them prime candidates in

applications such as data storage, photovoltaics or catalysis. Quantum confined particles,

or quantum dots, are one such example where material properties are dependent upon the

size of the particle.^' Other examples of this unique behavior include gold nanoparticles,

which exhibit a size-dependent absorption spectrum based upon the vibration of the

particle's atomic lattice structure, known as plamson resonance;"" iron oxide particles that

can exhibit varying degrees of magnetic susceptibilit}' solely based upon particle size and

cPv'stal structure:'"' and palladium particles, which possess a veiy large surface area to

mass ratio that is beneficial in catalysis.''^

Many nanoparticle syntheses give products that consist of an inorganic core and

an organic peripher}\ such as that depicted in Figure 1. Many nanoparticle syntheses

utilize surfactants with polar head groups such as amines, carboxylic acids, thiols,

phosphonic acids, phosphines or phosphine oxides and apolar tails such as «-alkanes.

Alkane chains attached to the nanoparticles provide solubility in a range of organic

solvents, and are convenient for their chemical and thermal stability-. Exceptions to these

generalizations do exist, as iron oxide nanoparticles can be prepared in slighth' basic

conditions at room temperature without additional ligands.'"""

Rapid developments in nanoparticle synthesis and characterization over the past

tvi/ent\' years have driven tremendous advances in the field. One important challenge in

nanoscience is the synthesis of composite materials consisting of nanoparticles and

polymers that are designed to maximize the contributions of both components. While

there remains significant interest in the use of nanoparticles as fillers in polymer
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materials to enhance physical and mechanical properties, a primary goal of

nanotechnology has been the incorporation of these materials into a polymer matrix for

the preparation of functional hybrid materials.^^"^*^ These composite materials are

expected to allow for the combination of the processability of the polymer with the

optical, electronic or magnetic properties of the nanoparticle to give functional materials

with features on the nanometer size scale. Research efforts are underway that focus on

precise structures of nanoparticles in polymers, including their assembly in arrays and

along interfacial boundaries. The introduction of precise organic chemistr}' on

nanoparticle materials has led to developments in the growth of polymers from

nanoparticle surfaces, allowing one to tailor the properties of the particles by the choice

of polymer and its inherent ftmctionality. This dissertation will describe the use of

organic ligands to tailor nanoparticles. particularly cadmium selenide quantum dots, with

functional ligands. and the use of these ligand-functionalized nanoparticles for the growth

of polymers from the nanoparticle surface.

CdSe Nanoparticle

Core

Ligand A ttachment

Alkane Periphery

Figure 1. Schematic illustration of ligand-stabilized nanoparticles.
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1.2 Cadmium Selenide Quantum Dots

Semiconductor nanoparticles are generating interest across materials science and

biology/'"^"' These nanoparticles. also termed quantum dots, are unique in that their

properties that are intermediate between the conventional molecular and bulk systems/"*'

This phenomenon is due to quantum confinement, the case where the lattice structure

of the particle is smaller than the Bohr-exciton radius (5.4 nm)"^*^ of the bulk material.

When an exciton (an electron-hole pair) is created it is confined to a space smaller than

its equilibrium distance. This confinement leads to discrete energy states, where the

energy of confinement is dissipated by the emission of light. The wavelength of emitted

light scales directly with particle size, leading to a predictable relationship between

nanoparticle size and the wavelength of light emitted. Examples of quantum dots include

cadmium sulfide (CdS)"*'. cadmium telluride (CdTe)'^, zinc sulfide (ZnS)"*", zinc selenide

(ZnSe)"*'. indium phosphide (InP)"^"*. lead selenide (PbSe)"^" and a host of other materials.

Of particular interest for this dissertation are 2-10 nm cadmium selenide (CdSe)

nanoparticles that exhibit photoluminescence in the visible region of light (Figure 2). a

result of their 1.8-2.8 nm band gap."*^ Since 1993, CdSe nanocr\'stals have been prepared

through the use of a high temperature, inverse micelle synthesis.^^"'^ This synthetic

method involves the use of appropriate Cd and Se precursors in the presence of surfactant

and ligand molecules. Typically. tri-/7-oct\ l phosphine oxide (TOPO) and CdO are

heated under an inert atmosphere to greater than 300 °C resulting in complexation of

cadmium by the phosphine oxide. A solution of selenium in tri-«-octyl phosphine is

injected rapidly into the hot cadmium solution, initiating nanocrystal nucleation and

growth (Figure 3) to give nanocrystals with a low size distribution (~ 10%). The
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quantum confined nature of the particles, along with the narrow distribution of particle

size gives CdSe nanoparticles with a ver\' narrow fluorescence emission profile,

approximately 20-30 nm full width at half peak maximum (FWHM). and solution

fluorescence quantum yields of 70-80%. The nature of the ligand binding to the

nanocrystal surface, and the organic peripher}' that results from this binding, serves to

passivate otherwise dangling bonds on the nanoparticle surface, protect the nanoparticles

from surface oxidation, and allow for dispersion of the nanoparticles in common organic

solvents. However, this chemically inert alkane periphery does not allow for further

modification of the nanoparticle periphery : how ever, methods have been developed that

allow for the functionalization of CdSe nanoparticles. '^^ '^

Figure 2. Full color emission of CdSe quantum dots of ~ 1.5 (left) to 4.5 nm (right)

diameter. (Fair use image from http:/Avw\v.chemie.uni-hamburg.de/pc/\Veller/)

Multiple research groups have im estigated the atomic structure and ligand

co\ erage of CdSe nanoparticles prepai*ed by the high-temperature, inverse-micelle

synthesis. MuiTay and Baw endi utilized computer modeling and X-ra\ diffraction to

determine that 2.0. 3.7. and 8.0 nm CdSe nanopai-ticles ai-e comprised of approximately
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275. 1,000, and 10,000 atoms in a wurtzite structure, respectively.-^ Further X-ray

diffraction studies by Bawendi and coworkers have shown that of the 1.000 atoms in 3.7

nm CdSe nanoparticle, appro.ximately 300 atoms are present on the surface of the

nanoparticle surface. In addition, it was determined by ''P NMR that approximately 150-

170 of the 300 surface atoms were coordinated with a TOPO ligand, resulting in a Hgand

coverage of ^55%.'^ Rutherford backscattering spectroscopy, which uses low mass ions

to probe the chemical composition of a surface, performed by Rosenthal and coworkers

re\'ealed that due to the preferential binding ofTOPO to Cd atoms, the surface coverage

consists of a 1 : 1 .2 ratio of Se-to-Cd atoms, and suggests that the TOPO ligand

is closer to 70%.-"^

coveraae

CdO
+

tri-n-octylphosphine

oxide

Se(0) in

tri-n-octylptiosptiine

> 300 °C

Figure 3. Typical CdSe nanoparticle synthesis.

1.3 Polymer-Nanoparticle Materials

1.3.1 Historical Perspective of Polymer-Nanoparticle Blends

The integration of nanopaiticles into polymers has been of significant theoretical

and experimental interest to the polymer and engineering communities for maiiN- vears.
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Micron and sub-micron sized fillers ha\'e been used for some time in conjunction with

polymer materials, in an effort to enhance the physical and mechanical properties relative

to the polymers alone. In the mid 1
9'''

centur\' Charles and Nelson Goodyear showed that

vulcanized rubber could be toughened by the addition of zinc oxide or magnesium

sulfate. Bakelite^'*^ represented the first mass-produced synthetic polymer composite, a

silicate clay reinforced phenolic resin pioneered by Leo Baekeland in the early 1900's.^^

More recently, it was found that rubber particles embedded in nylon and other polymer

matrices afford composites with outstanding impact resistance.^"

However, significant challenges are associated with blending polymers and

nanoparticles to afford homogeneous dispersion of inorganic particles within the poh mer

(Figure 4). For a random dispersion of nanoparticles within a polymer film to be

achieved, the particles must be compatible enthapically with the surtounding poh mer

matrix. The currently available commercial polymers and nanoparticles leave few

choices in this regard, such that blends nearly alway s lead to phase separation and

aggregation of the nanoparticles.*'" A number of approaches have been investigated and

will be discussed below.

Aggregation Dispersion Directed Assembly

Figure 4. Schematic illustration of nanoparticle phase behavior in polymeric

materials.
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1.3.2 The Graft-to Approach to Nanoparticle-Polymer Composite Materials

The two most common routes to polymer functionalization include the "graft-to"

approach which attaches polymers to nanoparticles. and the "graft-from" method, which

focuses on polymerization from a nanoparticle surface. The t}'pical graft-to approach is

carried out by the attachment of polymers with ligand-functionalized chain-ends to

nanoparticles through ligand exchange chemistries. While this procedure is commonly

for simplicity, less than optimum grafting densit>' may result due to steric shielding that

arises upon placement of each successive polymer chain onto the nanoparticle. An

example of this grafting-to method involves the ligand exchange of pyridine-

functionalized poly(ethylene glycol) (PEG) for TOPO on CdSe nanoparticles to afford a

water soluble, PEG functionalized quantum dot (Figure 5).^"*

Figure 5. Ligand exchange of TOPO-covered CdSe with 4-hydroxypyridine-

poly(ethylene glycol) ligands according to Skaff and Emrick.

Another derivative of the graft-to approach involves the use of polymers with

pendant functionalit}' as multi-dentate ligands. For example, palladium nanoparticles are

stabilized by poly(N-vinyl pyrrolidone), and have been shown to be active catalysts for
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Suzuki couplings in aqueous media.^^ Bawendi and coworkers have performed ligand

exchange with ethylene glycol-phosphine oxide copolymers and CdSe to give highly

luminescent, water soluble quantum dots.^^^^ Winnik and coworkers have prepared

composite materials from TOPO covered CdSe/ZnS particles following ligand exchange

with poly(dimethylaminoethyl methaciylate).^^

The third graft-to approach allows for the preparation of the polymer-nanoparticle

composite by synthesizing the particle in the presence of an end-functionalized polymer

ligand (Figure 6). For example, Hedrick and coworkers have prepared CdS particles

with thiol-functionalized polycaprolactone ligands. McCormick and coworkers utilized

acrylate based copolymers with a thiol end group to prepare water soluble gold, sih er.

platinum or rhodium nanoparticles.^'' Gold nanoparticles dispersed in polystyrene films

were prepared following the synthesis of gold nanoparticles with polystyrene thiol

ligands.
'''^ Knoll and coworkers prepared gold nanoparticles functionalized with

electroactive polyaniline.^' In addition, catalytically active palladium pailicles were

prepared in a two phase synthesis with poly(N.N"-dihexylcarbodimide) and palladium

(IV) chloride. While tliis approach results in an efficient, one-pot synthesis of a variety

of nanoparticles. the polymer ligand must be amenable to the nanoparticle growth

conditions, a considerable problem for semiconductor nanoparticles prepared b\ high

temperature methods.
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Figure 6. The direct preparation of CdS quantum dots in the presence of thiol

functionalized polycaprolactone as reported by Hedrick and coworkers.

1.3.3 The Graft-from Approach to Nanoparticle-Polymer Composites

The attachment of polymerization initiators to nanoparticle surfaces, followed by

polymer growth outward from the surface, describes the "graft-from" technique. This is

proving to be an excellent approach in which polymerization initiators can be attached to

nanoparticles. followed by polymerization to prepare a variet\- of nanoparticle-polymer

hybrid materials. Critical to this "grafting-from" process is the compatibilit} of the

nanoparticle with the polymerization conditions chosen, such that neither the attachment

of functional ligands. nor the polymerization process, appreciably alters the inlierent

properties of the nanoparticles. While these requirements require thoughtful s>'nthesis,

much progress has been made in recent years. It should be noted that nanoparticle

surfaces differ from flat surfaces as substrates in the "grafting-from"' process, as higher

surface curvature of the spherical nanoparticle may reduce steric crowding during chain

growth, which may lead to more effective polymerization from the nanoparticles.
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Polymerization techniques utilized in the "grafting-from" method include

controlled radical polymerization, living anionic polymerization, and ring-opening

metathesis polymerization (ROMP). Mirkin and coworkers demonstrated the technique

by the surface functionalization of gold nanoparticles with norbornene derivatives that

were used to prepare polynorbornene grafts by ROMP (Figure Jordan and

coworkers used co-functionalized self-assembled monolayers of thiolates on gold

nanoparticles to initiate living cationic ring-opening polymerizations of 2-oxazoline

monomers.^^ Mohwald has reported atom transfer radical polymerization (ATRP) of 2-

(dimethylamino)ethyl methacrylate from the gold nanoparticles as another

polymerization technique from gold nanoparticles.
'''^

a •;

Figure 7. The preparation of norborne based block copolymers from the surface of

gold nanoparticles by Mirkin and coworkers.
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In the case of Si02 nanoparticles. surface-initiated anionic polymerization has

been reported using 1.1-diphenylethylene with a chiorosilane end-group to functionalize

the nanoparticles. followed by anionic polymerization of styrene.''^ Additionally,

Zydowicz has reported nitroxide mediated radical polymerization (NMRP) from silica

nanoparticles^^ The Patten group has reported ATRP from silica and core-shell

CdS/Si02 nanoparticles, and have demonstrated the ability to grow well-defined PS or

PMMA layers from isobutryl-bromide modified inorganic surfaces (Figure 8)/^'^^

Recently. Patten and coworkers have also reported ATRP of acr}iate t\'pe monomers

OA

from magnetic iron oxide nanoparticles. Takahara and coworkers have copolymerized

st\Tene and 3-vinylpyridine from nitroxide functionalized magnetite particles. "

"

Figure 8. Atom transfer radical polymerization of methyl methacrviate from

isobutr> 1-bromide functionalized silica nanoparticles as reported by Patten.

The nanoparticles described above represent a robust group of nanoparticles that

are generally stable to acidic, basic, and radical environments. These particles contrast

with semiconducting nanoparticles which are t}'pically more susceptible to oxidation and

particle degradation. Research from the Emrick and Coughlin labs provided the first
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example of CdSe-polyoIefin materials prepared by the ROMP of norbornene from

CdSe.^^ To achieve this goal. CdSe was functionalized with a styrenic derivative that

w as capable of performing a ligand exchange with bis-tricyclohexylphosphine

benz>iidine ruthenium dichloride (Grubbs" catalyst) to afford a catalyst on the surface of

the CdSe particle as illustrated in Figure 9. The norbornene was successfully

polymerized from the surface of the catalyst functionalized CdSe nanoparticles allowing

for a dispersion of nanoparticles within the polyolefm matrix. It is also important to note

that the optical properties of the CdSe particles were not destroyed during this process as

the photoluminescence of the particle was maintained. This work offered proof-of-

concept for grafting from CdSe and was the basis for the work described in Chapter 2.

Figure 9. Ring-opening metathesis polymerization of cyclooctene from ruthenium-

benz} lidene CdSe quantum dots.

1.3.4 Self Assembly and Precise Placement of Nanoparticles in a Polymer Matrix

While a majorhy of research on nanoparticle-poh mer composites focuses on

dispersion, the next logical progression is the precise placement of nanoparticles w itliin a
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fiinctional material. (Figure 3) Well-ordered nanoparticles within polymers is expected

to provide access to nev\- materials that combine the unique physical properties of the

particles with the superior processability of the polymers. The ability to control the

assembly of nanoparticles within materials promises advances in information storage,

nano-electronics. and quantum computing.

One approach towards this goal involves the use of block copolymer phase

behavior to dictate the location of the nanoparticle within a polymer matrix. Theoretical

studies for these self-assembly events has been developed by Balasz and coworkers over

84 8 7
the past decade. " These calculations are driven by a combination of self-consistent

field theor>', which is preferred for diblock copolymers, and densit>' functional theory,

which is optimal for studying ordered colloidal particles. The theory accounts for key

parameters such as nanoparticle size, chain length of the polymer blocks, and the relevant

interaction parameters, including those between nanoparticles and block A, nanoparticles

and block B. and block A with block B. These models show that nanoparticles can be

directed to the center or the edges of phase separated lamella or spherical domains by

choosing systems with the appropriate parameters. For example, nanoparticles that

exhibit a preference for one polymer phase over the other will tend to reside in the

favored phase. A particle with neutral interactions for either phase will tend to assemble

to the polymer-polymer interface to mediate interfacial interactions.

Multiple groups have produced experimental evidence consistent with the

proposed theory. Thomas and coworkers sequestered CdSe nanoparticles to a phosphine

on

oxide rich domain in a polynorbornene diblock copolymer. A more recent report from

Thomas has illustrated the ability to sequester two different types of nanoparticles to two
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specific locations in a diblock copolymer. Specifically, when 3.5 nm gold nanoparticles

and 21 nm silica particles are blended with poly(st\Tene-/)-(ethylene-co-propylene)). the

alkyl covered gold particles are driven to the diblock copolymer interface while the silica

particles are sequestered to the center of the poly(ethylene-co-propylene) domain.

Research by Lopes demonstrated the self-assembly of various nanoparticles (e.g. gold,

silver, indium, and lead) within a PS-PMMA diblock copolymer matrix under non-

equilibrium conditions. Under appropriate annealing conditions, the polymer matrix will

phase separate into an ordered lamella structure with the nanoparticles residing

exclusively in the polyst\Tene phase due to the more fa\'orable gold-polystyrene

interactions.*^^

Several different approaches that do not involve nanoparticle-polymer self-

assembly events to prepare these ordered hybrid materials have also been disco\ered.

One such approach to nanoparticle-polymer assemblies was reported by Russell and

coworkers using templates prepared from diblock copolymers.*^' These templates consist

of a c>'lindrical PMMA phase within a PS matrix, where the cylinder diameter is on the

order of 15-20 mn. CdSe nanoparticles were driven into these cylinders b\' capillar)'

forces present upon withdrawal of the templates from dilute solutions of CdSe

nanocr}'stals. Recently, an improvement to this dipping method was reported through the

use of electrophoretic deposition of CdSe nanoparticles into similar block copolymer

templates.^" This approach offers control over the density of particles deposited into the

template, and complete coverage, at least one particle per cylinder, was reported.

Additional!}'. Kotov and coworkers have prepared "nanorainbows" using a multila\ er

approach, where a thin polymer film of poly(diallyldimethylanimoniuni chloride)
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containing cadmium telluride nanoparticles is deposited onto a quartz slide. Subsequent

deposition of larger cadmium telluride nanoparticles with progressively longer

wavelengths (e.g. yellow, orange, and red) were then deposited in layer-by-layer fashion.

This resulted in a multilayer film that has a color gradient oriented normal to the surface,

a material of interest in photonic and electronic devices.

1.4 Composites of Conjugated Polymers and Quantum Dots

One application of quantum dot-polymer composites that offers exceptional

promise is the use of these materials in photovoltaic devices since the tunable, naiTow

fluorescence emission and the wide adsorption window inherent in quantum dots offer

the potential to provide tremendous advances to photovoltaic materials. The combination

of semiconducting nanoparticles with electroactive polymers offer a truly unique system

w^here the band gaps of the individual components can be timed to allow for specific

energy transfer events. An idealized example would integrate quantum dots into an

electroactive polymer that possesses a larger band gap allowing for energy transfer from

the polymer to the nanoparticle, resulting in emission exclusively from the quantum dot

core. Conversely, the use of a polymer with a band gap smaller than the quantum dot

would allow for excitons generated in the particle core to transfer to the poh mer for

charge separation and transport as required for use in solar cell applications.

While energy transfer events between these two components is not yet fully

understood, several research groups have performed theoretical and experimental studies

of energy transfer events.'^'*'"*"' The two theories of energy transfer mechanisms generally

involve charge separation and transport and Forster resonance energy transfer (FRET).

Photo induced charge separation in conjugated polymers is improved by the inclusion of
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an electron-accepting species, such as a CdSe nanoparticle. For this energy transfer to be

efficient, the interface between the conjugated polymer and the nanoparticle must be

maximized. However, aggregation of CdSe nanoparticles is typically found in blends of

CdSe nanoparticles and conjugated polymers, representing an area of potential

improvement for energy transfer. Forster resonance energy transfer involves dipole-

coupling in non-radiative energy transfer of excitions.'"' The efficiency of FRET is

determined by the spectral overlap of the donor and acceptor, the distance between the

two moieties, and the relative orientation of the donor and acceptor's dipole moments.

FRET efficiency is to pically defined as a distance. R(j, which is the distance between the

donor and acceptor that will allow for 50% energy transfer efficiency. It is important to

note that the energy transfer process between conjugated polymers and CdSe

nanoparticles is likely complex and may incorporate elements of both of the above

energy transfer mechanisms.

Pioneering work in this field was reported in 1994 when Coh in and Ali\ isatos

described the electroluminescence from blends of CdSe and PPV."^" Since that tune.

Greenham and Alivisatos have extensively studied photophysical principles responsible

for the energy transfer events between the two components.'^^"^^ Bawendi and coworkers

blended CdSe nanoparticles with biphenyloxadiazole functionalized polymers for use in

device applications; however, 60 vol. % CdSe was necessary to obtain

electroluminescence spectra characteristic of the quantum dot.^°'' Similar quantum dot

loadings were necessary to obtain photolmninescence from CdSe/ZnS core shell

nanoparticles when blended with polyfluorene in a study conducted b> Anni and

98
coworkers.
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Quantum dots other than CdSe have been incorporated into nanoparticle-polymer

blends as Shaheen has described energy transfer events between InP and poly(3-hexyl

thiophene)'^'* while Coffer has reported the doping ofPPV with europium-silica

nanoparticles for device applications.
'^'^ A photovoltaic device from blended materials of

PbSe in PPV was reported by Selmic,'^^ while an infrared detector based upon PbS

blended with PPV was described by Sargent. In addition, solar cell applications for

blends of PPV with CdTe were reported by Nann and Kumar. However, the recurring

problem of phase separation in nanoparticle-polymer blends severely limits the efficiency

of the energy transfer process due to self-quencliing events and inter-dot coupling.

Recently, a shift from the aggregated blends has been made to the dispersion of

quantum dots in an electroactive polymer matrix. This dispersion may offer a distinct

advantage over aggregation in photovoltaic applications where intimate contact between

individual quantum dots and polymer chains is crucial for energy transfer events.

Published concurrently with the results presented herein were results from the groups of

Alivisatos and Frechet, where dispersions of CdSe quantum dots were dispersed in a

polythiophene matrix. In this work, a hexamer of polythiophene was end functionalized

with an amine group then placed on the nanoparticle surface with ligand exchange

chemistry (Figure 10).
''^''^

These hybrid materials exhibited drasticall}' different results

when compared with a simple blend of CdSe and polythiophene. Similar research was

presented by Advincula where oligomeric dendrons of polythiophene were functionalized

with a phosphonic acid then placed on CdSe quantum dots.^^'^
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Figure 10. Ligand exchange of TOPO-covered CdSe nanoparticles with amino-

functionalized poly(3-hexyIthiophene) according to Alivisatos and Frechet.

1.5 Thesis Outline

Chapter 2 describes the synthesis of nitroxide functional ized quantum dots for

surface-initiated controlled free radical polymerization. Characterization of these

composites utilized transmission electron microscopy, as well as solution state

fluorescence and UV-Vis spectroscopy. It was found that the nanoparticle-polymer

composites exhibited dispersion of quantum dots whhin the polymer film \\ ithout

degradation of the quantum dot's optical properties. The incorporation of CdSe-polymer

composites into diblock copolymers is also discussed.

Chapter 3 describes the cross-linking of a polymer shell around CdSe

nanoparticles, with the goal of improving the stability of the nanoparticles in the presence

of various chemical environments. A thermally cross-linkable benzoc> clobutane

monomer was prepared and used in a graft-from copolymerization. Optimization of

solvent and temperature gave intra-particle cross-linking to afford discrete particles

surrounded b\ a chemicalh' cross-linked polymer shell. Electron microscopy and
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fluorescence spectroscopy were utilized to compare these materials to their uncross-

linked counterparts.

The preparation of CdSe-poly(phenylene vinylene) hybrid materials is the focus

of Chapter 4. The preparation of CdSe in a functional ligand and its use in the

polymerization of conjugated polymers from these novel particles is described. The

morphological and optical properties of the hybrid materials are \'astly different from that

of simple blends of the two components. Collaborations with Eastman Kodak Company

(Rochester. NY) and Professor Mike Barnes (Department of Chemistry, University of

Massachusetts. Amherst) allowed for the investigation of these materials with solid state,

single molecule, time resolved and time evolution fluorescence spectroscopy.
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CHAPTER 2

FUNCTIONALIZED CADMIUM SELEMDE NANOPARTICLES FOR

CONTROLLED FREE RADICAL POLYMERIZATION

2.1 Nitroxide Mediated Radical Polymerization

Free radical polymerization is a rapid and versatile polymerization technique of

central importance to polymer chemistry in both fundamental studies and the

commercial polymer industr}'.'"'' A number of commodit}' polymers are prepared by

radical polymerization due to its ease of use. While free radical polymerization is used

effectively in many cases, it t>'pically gives polymers with a rather high polydispersit>'

index (PDI) of about 2. In this sense, free radical polymerization lacks many aspects of

control found in living ionic techniques.

In the 1990*s. a number of polymerization methods were developed to stabilize

the reactive radical chain end of free radical polymerization. One such method is known

as nitroxide mediated radical polymerization (NMRP).'^^*^ It was found that the addition

of the stable free radical 2.2.6.6-tetramethyl-l-piperidinyloxy (TEMPO) to the

thermally initiated polymerization of styrene resulted in a reduction of the PDI from -2

in conventional free radical polymerization to 1.2-1.4. During the polymerization, the

TEMPO radical forms a thermally reversible bond with the propagating carbon centered

radical. When the carbon-oxygen nitroxide bond is formed, propagation is not possible

and the chain is considered dormant. At temperatures around 125 °C. the C-O bond

undergoes homolytic cleavage to give a nitroxide free radical and a caibon centered

radical at the polymer chain end. The polymer chain end radical can propagate by
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reaction with monomers in solution. (Scheme 1) The equihbrium of the nitroxide

strongly favors the bound state (Keq=4 x 10"'^), which greatly reduces the number of

free radicals in polymerization." Since nitroxide is bound to the polymer chain end

during an overwhelming majorit}' of the polymerization, tennination reactions such as

radical combination and disproportionation are nearly eliminated leading to all polymer

chains ha\'ing roughly the same molecular weight, giving the polymer sample a low

PDI. The use of a unimolecular initiator, a preformed nitroxide-containing moiet}'.

allows for the monomer-to-initiator ratio to be precisely pre-deterniined giving the

ability to target particular molecular weights with NMRP, much like living anionic

polymerization.

Scheme 1. Mechanism for Nitroxide Mediated Radical Polymerization

Several different t>'pes of controlled free radical poh'merization have been

developed in recent years. For example. Mat\'jaszewski'" helped pioneered the field of

atom transfer radical poh nierization (ATRP) while Moad and Rizzardo^^ have

introduced reversible addition-fragmentation chain transfer polymerization (RAFT).

Each polymerization technique leads to controlled molecular weights and low PDIs for

various vinyl monomers and each technique has certain merits and drawbacks. ATRP

exhibits excellent control over a variety of monomers but requires the addition of

copper halides and ligating species that are not always readily separable from the
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polymeric product. RAFT is also amenable to a range of monomers but suffers from

low thennal stability and requires the addition of a radical initiator. Meanwhile,

Hawker has provided numerous advances in NMRP including the synthesis and

evaluation of a librar>" of nitroxide functional ized initiators, the discovery of monomers

amenable to NMRP. and the preparation of random and block copolymers using

NMRP.'^ The strength ofNMRP is that no additional radical sources, ligands or metals

are needed for controlled polymerization; however, NMRP struggles with the

polymerization of acrylate monomers.

2.2 Nitroxide Mediated Polymerization from CdSe Nanoparticles

2.2.1 Phosphine Oxide - Nitroxide Ligand Design and Synthesis

NMRP was chosen as the polymerization method m this graft-from approach

since the radical initiators or amine containing ligands required for RAFT or ATRP ai^e

not necessar\ in nitroxide-based polymerizations, eliminating any potential interactions

with the CdSe nanoparticle surface. In addition, the dominant-active equilibrium of

NMRP keeps the concentration of free radicals low. and thus lowers the chance of

radical coupling and degradation of the CdSe nanoparticle surface. Growth of poh mer

chains directly from the surface of CdSe nanoparticles requires attacliment of nitroxide-

containing ligands to the nanoparticle surface. TEMPO was chosen as the nitroxide

functionalit} due to its commercial availabilit\ and extensi\'e prior reseai'ch on its

behavior in living free radical polymerization. As shown b}- Hawker and coworkers.

Jacobsen's catalyst ((R.R)-(-)-N.N"-bis(3.5-di-t-butylsalicylidene)-1.2-

c> clohexanediaminomanganese (III) chloride) provides a convenient route to nitroxide
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deri\'atives.'""~ In this reaction. (Scheme 2) the manganese catalyst reacts adds to the

st}Tenic olefin to form a benz}i radical adduct. The benz}i radical is trapped by

TEMPO to form the carbon-oxygen nitroxide bond. The desired product is formed

following hydride displacement of the manganese moiet>^ with sodium borohydride.

With this reaction in mind, the initial synthetic design involved nitroxide

functionalization of di-«-oct}'l-str}Tenyl phosphine oxide (DOSPO).'^ (Scheme 3)

Unfortunately, application of this reaction to DOSPO gave an inseparable mixture of

products and resulted in the abandonment of this approach.

CI CI

Scheme 2. Mechanism for the use of Jacobsen's Catalyst m the conversion of

st\ renic derivatives to benzyl nitroxides as proposed by Hawker

Scheme 3. Proposed conversion of DOSPO to nitroxide-functionalized ligand 3.

Compound 3 was formed but could not be isolated from the reaction solution.



An alternative strategy was devised in\'oIving the synthesis of a previously

reported'^ benzyl chloride flmctionalized TEMPO derivative, followed by nucleophilic

substitution of the benz}'l chloride with di-w-oct\'lphosphine oxide (DOPO) as shown in

Scheme 4. DOPO was prepared by Grignard reaction of ;7-octyl magnesium bromide

with dibutyl phosphite according to previous literature procedure.'^ The TEMPO

substituted benz}i chloride 2 was prepared from 4-vinyl benzyl chloride 1 utilizing the

manganese catalyzed nitroxide synthesis described above in 67 % yield following

purification by silica gel column chromatography and recrystallization from hexanes.

The substitution reaction proceeded as planned and nitroxide ligand 3 was isolated in 89

% yield as a colorless oil following purification by silica gel column chromatography.

Evidence for the formation of the desired product was shown in the 'H NMR spectrum

where the benzyl proton resonance exhibited an upfield shift (from 6 4.59 ppm to 6 3. 1

1

ppm) and splitting of the benzyl protons signal by the adjacent phosphine oxide.

(89 %)

Scheme 4. Synthesis of nitroxide functionalized phosphine oxide 2 from 4-vinyl

benzyl chloride.

2.2.2 Ligand Exchange to Afford Nitroxide Functionalized CdSe

The ligands on TOPO-co\ ered CdSe nanoparticles can be removed using a large

e.xcess of ligands such as pyridine.'**
''''

This "stripping" step results in CdSe
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nanoparticles with a weak ligand coverage that are readily precipitated into hexanes,

effectively removing any unbound pyridine and residual phosphine oxide. The

pyridine-functionalized nanoparticles represent a reactive intermediate towards other

functional ligands. as the pyridine coverage can be displaced easily with a stronger

binding ligand such as a phosphine oxide or a thiol. One significant drawback to this

approach is that the pyridine-capped intermediate is highly susceptible to oxidization of

surface atoms and subsequent degradation of the nanoparticle's optical properties. The

surface oxidation is manifested in both the UV-Vis and fluorescence spectra where blue

shifts of peak maxima are commonly observed.
"°

For the synthesis of the nitroxide-functionalized nanoparticles 5, ligand

exchange with pyridine functionalized CdSe 4 with phosphine oxide 3 was performed at

room temperature (Scheme 5). This is preferred as significant particle degradation was

observed when ligand exchange was performed at elevated temperature (40 - 60 °C).

The degradation is believed to be a result of radical formation at higher temperatures,

leading to an increase of radicals that degrade the CdSe surface.

5

Scheme 5. Ligand exchange of pyridine functionalized CdSe 4 with ligand 3 to

give nitroxide functionalized CdSe particles 5.
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After allowing 24 hours for the ligand exchange, the solution was concentrated and the

nitroxide-functionalized particles were precipitated with methanol and stored in st>Tene

at -20 °C. It was found that multiple precipitations resulted in irreversible nanoparticle

sedimentation, thus only one precipitation was utilized in the purification of these

quantum dots. 'H NMR spectroscopy of 5 showed resonances corresponding to that of

the ligand, and the ^'P NMR spectrum showed one resonance at 6 48.14 ppm,

corresponding to the phosphine oxide of the ligand: no TOPO phosphorous signal,

expected at 6 46 ppm, was observed. Characterization of functionalized CdSe

nanoparticles 5 by UV-Vis spectroscopy exhibited only a very small blue shift (3-5 nm).

Similarly, the fluorescence peak maximum shifted from 528 nm to 525 nm as shown in

Figure 11. The transmission electron micrographs of 5 appeared identical to those of

TOPO covered CdSe.

475 525 575

Wavelength (nm)

Figure 11. Solution state fluorescence emission spectra (ex ixi 400 nm) of as

synthesized TOPO covered CdSe and nitroxide CdSe following ligand exchange.
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2.2.3 Polymerizations and Copolymerizations from Nitroxide Functionalized

CdSe Nanoparticles

The graft-from polymerizations were performed shortly after ligand exchange as

storage of the functionalized CdSe nanoparticles for extended periods (3 days or longer)

t}'pically led to irreversible nanoparticle precipitation. The st>Tene solution of 5 was

transferred to a reaction vial and degassed by freeze-pump-thaw techniques. After

multiple degassing cycles, the solutions were heated to 125 °C for 12 to 24 hours

according to Scheme 6. In addition to bulk polymerization, this process is also

amenable to solution polymerization in either toluene or xylenes for 48 h at 125 °C.

During this heating phase, the nitroxide C-0 bond undergoes reversible homolytic

cleavage to give a benz\'l radical, allowing for propagation of the polymer chain from

the surface of the nanoparticle. There appears to be very little surface degradation of the

CdSe nanoparticle as evidenced by minimal blue shifts of the band-edge adsorption

maximum in the UV-Vis spectrum. In a contrasting control experiment involving

TOPO covered CdSe. severe degradation, as evidenced by the loss of their characteristic

red color, is noted within 1 5 minutes under conventional radical polymerization

conditions (1 % AIBN in 1 mL styrene with 5 mg CdSe). illustrated in Figure 12.
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Scheme 6. Polymerization of st} rene from nitroxide CdSe 5 to give CdSe-PS

hybrid material 6.

A) B)

Figure 12. Nitroxide covered (3) and TOPO covered CdSe (4) before (A) and after

(B) heating to 125 °C for 12 h in the presence of st> rene. (Volume change in the

after image is due to the addition of toluene following polymerization.)

Copolymerizations of styrene and methyl methaciyiate were also performed in

either solution or in the bulk. A range of copolymer compositions was prepared b\'

varying the monomer feed ratio. Following polymerization, the CdSe-poh mer

composite material 6 was isolated as a pale red powder follo\\ ing precipitation into

methanol. The powder was dispersible in good sohents for poh st} rene or PS-/ -PMKL-\
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such as toluene, chloroform and THF. The 'H N\4R spectra of these materials appeared

to be identical to that of the particular polymer grafted from the particle, as resonances

for both the phosphine oxide ligand and the TEMPO overlap with the polymer signals.

Characterization of the polymer grafts by size exclusion chromatography

required removal of the polymers from the nanoparticle surface. Failure to remove the

chain and separate it from the particle may allow for sedimentation of bare CdSe within

the column pores and eventually render the column useless. Therefore, the cadmium

selenide core was chemicalh' degraded with 4-dimethylaminopyridine (DMAP), and the

free polymers isolated by precipitation.

Feed Ratio Final Polymer

Mn PDI % Styrene % MMA % Styrene % MMA
9300 1.3 100 100

13400 1.29 100 100

22600 1.35 100 100

75500 1.34 100 100

125900 1.76 100 100

56800 1.46 80 20 78 22

27500 1.44 70 30 73 27

47400 1.40 60 40 60 40

14000 1.41 60 40 55 45

108000 1.76 50 50 56 44

103000 2.00 40 60 45 55

10500 1.38 40 60 45 55

18400 1.35 30 70 32 68

7400 1.74 10 90 7 93

Table 1. Molecular weight characterization data for "graft-from"

polymerizations. M„ and PDI were calculated from SEC while percent

incorporation was calculated from NMR.

Molecular weights of the grafted polyst}Tene chains ranged from 7.000 to

150.000 with PDI ranges of ca. 1.3-2.0. (Table 1) It was found that polymers with

lower percent conversions (ca. 50 %) were likely to have lower PDI values compared to

those allowed to proceed to near complete conversion.'' For the PS-PMMA
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copolymers. PDIs were slightly higher, (1 .4-1 .8) when compared to polystyrene

homopolymers of comparable molecular weight. The percent incorporation in the

random copolymer were calculated from the integrations of the 'H NMR resonances of

aromatic region of polystyrene versus the methyl ester of poly(methyl methacrylate

)

(PMMA) and tracked well the feed ratio as the percentages of incorporation.

2.3 Characterization of CdSe-Polymer Hybrid Materials

A primary goal of grafting polymers from the surface of CdSe nanoparticles is

to achieve dispersion of the nanoparticles in a polymer matrix. The blending of TOPO-

covered CdSe nanoparticles with polymers leads to phase separation and aggregation of

the nanoparticles due to the poor enthalpic compatibility of the polymer and

nanoparticles. This aggregation leads to self-quenching events between nanoparticles.

resulting in a loss of the nanoparticle's unique optical and electronic properties.

i. 200 nm i

Figure 13. TEM micrograph sho>ving aggregation of TOPO covered CdSe >vhen

blended with 80,000 g/mol PS.
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Transmission electron microscopy was utilized to detemiine the morphology of

these hybrid materials with respect to the blended materials. The micrograph shown in

Figure 13 illustrates a control experiment where 80,000 g/mol polystyrene was mixed

with TOPO-covered CdSe nanoparticles in chlorofonii, then drop-cast onto a carbon

coated grid. The resulting aggregated morphology is typically associated with the

attempted blending of nanoparticles and polymers. A completely different morphology

is observed in TEM micrographs of CdSe-PS hybrid materials prepared by the graft-

from technique. In these cases, an even dispersion of nanoparticles is evident in the

micrograph shown in Figure 14. This dispersion is also seen when the composites are

blended with additional polystyrene.

200 nm

Figure 14. TEM micrograph of CdSe-PS hybrid. The PS grafted from the surface

has a molecular weight of 80,000 g/mol.

The optical properties of the CdSe nanoparticles following controlled radical

polymerization was a point of concern throughout the project. As previously discussed,

the CdSe nanoparticle surface is higlily sensitive to radicals, leading to oxidation and
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nanoparticle degradation.
^^'"'^

After a surface cadmium atom is oxidized, its electrons

are no longer available to the particle core, thus shrinking the effective particle size and

in turn increasing the particle's band gap, leading to a blue shift of the corresponding

peak in the UV-Vis spectrum. Initial evidence for the preservation of the nanoparticle" s

optical properties was the persistence of the characteristic red color following

polymerization (Figure 12). This initial observation was confirmed as the UV-Vis

band-edge adsorption peak was shifted from 529 nm to 527 nm following

polymerization. The 2-3 nm blue indicates that ver\" little oxidation occuiTed during the

polymerization step. (Figure 15)

0 ^

i

400 450 500 550 600

Wavelength (nm)

Figure 15. UV spectra illustrating the band edge adsorption of CdSe before

(Nitroxide CdSe) and after (CdSe-PS) polymerization.

Photoluminescence spectra (PL) were collected with an excitation wavelength of

400 nm from chlorofomi solutions. Excellent agreement with the UV-Vis spectra w as

present as 2-3 nm blue shifts were associated w ith the CdSe fluorescence peak
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maximum following polymerization. Ho\ve\'er. a striking increase in fluorescence

intensit>" was observed after fluorescence spectra of the hybrid material 6 were

compared to that of the starting nitroxide functionalized CdSe 5 as illustrated in Figure

16. Quantum yields of 3 to 8% relative to Rliodamine 6G were calculated for the

composite material, compared to 0.4 to 1% for the starting nitroxide CdSe. equaling an

order of magnitude increase in photoluminescence intensit\\

500 550 600 650

Wavelength (nm)

Figure 16. Solution state fluorescence emission spectra (Ex ^ 400 nm) before and

after polymerization for a variet> of molecular weight polymers grafted from the

particle.

Initial explanations for this profound increase in fluorescence involved theories

of particle annealing. Pre\ ious research has illustrated that prolonged heating of CdSe

nanoparticles at temperatures greater than 100 °C can effecti\ el\ anneal the crv stal

structure, eliminating structural defects thus leading to an increase in quantum yield.
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A control experiment to evaluate the effect of thennal annealing on CdSe

photoluminescence was performed with TOPO capped CdSe as heating 5 in the absence

of a vinyl monomer led to nanoparticle degradation. Briefly. TOPO covered CdSe was

stiiTed in xylenes at 125 °C under an inert atmosphere for 24 h. However, this

annealing step accounted for an average of a two-fold increase in PL intensity and 3-5

nm blue shifts.

A second hypothesis considered involves the ligand coverage of the

nanoparticle surface: particularly the number of ligands bound the surface at any given

time. Surface cadmium atoms that do not have an associated ligating species represents

a surface defect that contributes to a decrease in the photoluminescence intensity.

Thus, as the number of vacant sites is reduced, the effective photoluminescence

increases. In the experiments presented above, all polystyrene grafted from the

nanoparticle surface is above the chain entanglement weight. This entanglement likely

influences the equilibrium between bound and unbound phosphine oxides, resulting in a

increased number of phosphine oxides bound to the particle surface at any given time.

Therefore, it is belie\ ed that the increase in PL quantum yield is a cooperativ e effect of

both CdSe annealing and the shifting of the ligand equilibrium to the bound state.

2.4 Incorporation of CdSe-Polymer Hybrids into Polyst> rene-Poly(methyl

methacr> late) Block Copolymers

Following the successful dispersion of nanoparticles in a poh mer matrix, a

logical progression involves the controlled placement of nanopai'ticles at specific

regions or locations within a polymer matrix. This control over nanoparticle location is
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a prerequisite for applications such as data storage or display applications where the

abilit}" to address individual particles or a specific group of particles, would be

necessary . While a daunting task, the Balasz group has developed self-consistent field

theor>- that predicts that the location of the nanoparticle in a block copolymer assembly

can be controlled by ligand functionality.' Consider the following simplified example,

in a diblock copolymer composed of polymer A and polymer B. nanoparticles with

ligand functionalit\' similar to A would reside in the A block, and those with

functional it\' similar to B would reside in the B block. A nanoparticle with no

preference for either the A or B domains would be driven to the interface between A

and B to mediate interfacial interactions. Kramer and coworkers recently demonstrated

an elegant example of this theor\' with gold nanoparticles in a pol} st}Tene-Z)-poly(vinyl

pyridine) diblock copolymer assembly." The gold particles functionalized with short

polyst\Tene chains were located in the center of the PS block, while the PVP covered

gold particles resided in the PVP phase. In addition, the placement of gold near the

interface or at the interface was preciseh' controlled through the use of mixed

monolayers of PS and PVP on the gold surface.

E.xperiments aimed tow ards the results described above w ere attempted b>

blending the CdSe-PS or CdSe-(PS-7--PMNLA) composite materials with PS-PNIMA

diblock copoh mers. Initial e.xperiments im oh ed the use of 80.000 g mol PS grafted

from CdSe blended with PS-PMMA (85.000 and 91.000 g/mol respecti\ ely).

Briefly. 5 wt % CdSe polymer composite was dissoh ed with an appropriate diblock

copolymer in toluene. After solvent e\'aporation. the samples were dried, microtomed.
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and examined with electron microscopy. A representative example of our results is

shown in Figure 17. It is clearly evident that phase separation between the diblock

copolymer and the nanoparticle composite has occurred, as all nanoparticles are present

in domains where the lamella moiphology has been disturbed. Additional experiments

performed with smaller molecular weights grafted from the particle (14,000 g/mol) also

led to similar results as shown in Figure 18.

'A

i 1 M^nn I

*
, .

rlU'i. i?

Figure 17. TEM micrograph illustrating the phase separation between CdSe-PS
and PS-b-PMMA following blending. (CdSe-PS = 80,000 g/niol)
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Figure 18. TEM micrograph illustrating the phase separation between CdSe-PS
and PS-b-PMMA following blending. (CdSe-PS = 14,000 g/mol)

While these results were initially surprising, they are easily explained when one

considers the size of the hybrid material when compared to the diblock copolymer. If

the CdSe-PS hybrid material is approximated as a 50-arm star with each arm having a

molecular weight of 80.000 g/mol then our molecular weight for the hybrid material can

be estimated to be 4.000.000 g/mol."^ Several research groups have examined both

theoretical and experimental relationships between the molecular weight and radius of

gyration (Rg) for multi-arm star polymers versus lineai* polymer chains.^^^^ Using these

values, the apparent molecular weight for the hybrid can be calculated to roughly

800,000 g/mol. This apparent molecular weight corresponds to the molecular weight of

a linear polymer chain that would exhibit similar solution properties (viscosity and Rg)

at theta conditions. Therefore, if we consider an experiment where 5 v\l % 800,000

g/mol polystyrene is blended with a 175.000 g/mol diblock copolymer, phase separation
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and disruption of the lamella structure would be expected.
'"'^^

This disruption of the

morphological structure occurs since the Rg for the hompolymer additive (-35 nm) is

comparable to the d spacing for the diblock copolymer (~ 50 nm). These experiments

demonstrate the importance of the molecular weight of the polymers grafted from the

surface of the nanoparticle and their behavior in polymer microstructures.

2.5 Sunimari'

Phosphine oxide ligands containing nitroxide moieties were synthesized and

placed on CdSe nanoparticles by ligand exchange chemistiy. These functionalized

nanoparticles were utilized as multifunctional initiators for nitroxide mediated radical

polymerization from the surface of the nanoparticle. The composite materials exhibited

dispersion of the CdSe nanoparticles throughout the polymer film. Moreover, the CdSe

nanoparticle" s inherent optical properties were not degraded, but in the case of

fluorescence, enhanced by the graft-from polymerization method.

2.6 Experimental Details

2.6.1 General Methods and Materials

Solvents were purchased from VWR and all other reagents w ere purchased from

Aldrich and used as supplied unless otherwise noted. THF was dried over

sodium/benzophenone and distilled before use. All reactions w ere run under a N:

atmosphere unless otherwise noted. NMR spectra were obtained on a Bruker DPX 300

MHz or a Bruker 400 MHz Spectrospin spectrometer. Chemical shifts are expressed in

parts per milUon (6) using residual solvent protons as the internal standard. CHCI3 (6

7.26 for ^H. 77.23 for '"'C) was used as an internal standard for CDCI3. Gel permeation
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chromatography (GPC) measurements were perfomied in tetrahydrofuran (THF) at 1 .0

mL/min using a Knauer K-501 Pump with a K-2301 refractive index detector and K-

2600 UV detector, and a column bank consisting of two Polymer Labs PLGel Mixed D

columns and one PLGel 50 A column ( 1 .5 x 30 cm) at 35 °C. Molecular weights are

reported relative to polystyrene standards. Matrix assisted laser desorption ionization -

time of flight (MALDI-TOF) mass spectrometry was performed on a Bruker Reflex III

spectrometer on the CdSe composite samples without the use of a matrix. High-

resolution electron impact (EI) mass spectrometry^ was perfonned on a JOEL MStation

JMS700 spectrometer. Fluorescence measurements were recorded on a Perkin-Elmer

LS-55 fluorescence spectrophotometer and UV-Vis measurements were made on a

Perkin-Elmer Lambda 25 spectrophotometer. Fluorescence spectra were normalized to

the optical densit}' at the excitation wavelength. Transmission electron microscopy and

electron diffraction were performed on a JEOL 1 OOCX microscope at 1 00.000

magnification (46 cm camera length).

2.6.2 Di-//-oct\iphosphine oxide

To a 5 L tliree-necked flask equipped with stirbar. stopper, reflux condenser and

addition funnel was added magnesium (54.6 g. 2.25 mol) and diethyl ether (500 mL).

The flask was cooled to 0 °C then bromooctane (444 g. 2.3 mol) in diethyl ether (1500

mL) was added drop wise over 4 hours. Upon complete addition, the ice bath was

removed and the solution heated to 35 °C for 16 hours. The solution was cooled to 0 °C

O
H-P.
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then dibutyl phosphite (196 g, 1 mol) in diethyl ether (1000 mL) was added drop wise

over 4 hours. The reaction was heated to reflux for 16 hours following the addition.

The solution was again cooled to 0 °C then quenched with an aqueous solution of 25 %

sulfuric acid ( 1 L) over 4 hours. The layers were separated and the aqueous layer

extracted with ether (3 x 1 L). The combined organic layers were dried over MgS04,

filtered and concentrated. Pure product was obtained as a white powder following two

recrystallizations from hexanes (220 g, 80 % yield). 'H NMR (300 MHz, CDCl?. 6)

6.85 (d. Jp/r=445.7 Hz. ?-H. 1 H), 1.77 (m. P-C//:- 4 H). 1.61 (m. P-CH2-C//2-. 4 H).

1.27 (m. -C//2-- 20 H), 0.87 (t. J///y=6.8 Hz. -C//3. 6 H).

2.6.3 TEMPO-benz> I chloride 2

To a 1 L beaker was added 4-vinyi benzyl chloride 1 (3.61 g. 23.6 mniol).

TEMPO (2.45 g, 15.7 nimol). (R.R)-(-)-N.N"-bis(3.5-di-/-butylsalicylidene)-1.2-

cyclohexanediaminomanganese (III) chloride (1.50 g. 2.36 mmol), toluene (50 niL) and

ethanol (50 mL). A slow stream of air was bubbled into the solution then sodium

borohydride (1.78 g, 47.2 mmol) was slowly added to the stirred solution. After 16 h,

additional ethanol (25 mL). toluene (25 mL) and sodium borohydride (1.78 g. 47.2

mmol) was added and stirred an additional 8 houi-s. The solution was diluted w ith

dichloromethane and filtered over celite. The solvent was e\ aporated and the residue

purified b> silica gel column clu'omatograph) (10 '^o CH:C1: in hexanes eluting to 35 %

CI
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CH2CI2 in hexanes). Pure product was obtained by crystallization of the

chromatographed material w ith a mixture of acetone, isopropanol and water giving

colorless crystals (3.10 g. 10.5 mmol. 67 %, mp 49-50 °C). 'H NMR (400 MHz, CDCI3,

6) 7.33 (m. Ar-H. 4 H). 4.78 (quart. Jhh=6J Hz. Ai--C//-. 1 H), 4.59 (s, Ar-C//2-Cl. 2

H). 1.48 (br-s, (CH3)2-C-C//2, 4 H), 1.45 (d, J//w=6.7 Hz, Ar-CH-C/Zs, 3 H), 1.37 (br-s,

CH2-OT2-CH2-, 2 H), 1.28 (br-s. C-C//3. 3 H), 1.16 (br-s. C-C//3, 3 H), 1.02 (br-s, C-

C//3, 3 H), 0.67 (br-s, C-C//3, 3 H). '^C NMR (100 MHz. CDCI3, 6) 146.39, 136.05,

128.54. 127.1 1. 82.95. 59.90, 46.50, 40.55, 34.65, 23.78. 20.54, 17.42.

2.6.4 Benz^i-nitroxide phosphine oxide 3

Di-/7-oct\'lphosphine oxide (1.21 g. 4.40 mmol) and NaH (0.12 g. 4.84 mmol)

were stirred in THF (18 mL) at room temperature. The solution was heated to reflux

and beiiz>'l chloride 2 (1.50 g. 4.84 mmol) was added. The mixture was heated to reflux

with stirring and aliquots removed for evaluation by ^^P NMR until the reaction reached

completion (ca. 16h). The mixture was allowed to cool, quenched with water and

extracted with CH2CI2 (3 x 50 mL). The organic layers were dried over magnesium

sulfate, filtered and evaporated under reduced pressure. The residue was purified by

flash column chi-omatography (SiOi. CH2CI2 followed by 3% MeOH in CH2CI2) to

afford a colorless oil (2.14 g. 3.91 mmol. 89%). 'H NMR (300 MHz. CDCI3. 6) 7.18 (d.
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Jw/=2.17 Hz. 2 H. Ar-H). 7.15 (d. J////=1.79 Hz. 2 H, Ar-//). 4.74 (quart. J////=6.53 Hz.

H. Ar-C//). 3.1 1 (d. J/>//= 14.54, 2 H. Ar-C//:-P=0), 1.46 (d, Jw/=6.70 Hz, 3 H, CH-

CHs). 1.32 (s. 3 R C-C//?). 1.26 (m. 28 H. alkyl). 1.16 (s, 3 H, C-CHs). 1.00 (s. 3 H. C

CHs), 0.88 (t. J/y/y=6.42 Hz, 6 H, CH2-C//i), 0.58 (s, 3 H, C-C/Zj). "C NMR (75 MHz,

CDCI3. 6) 144.77. 131.33. 129.45, 127.65 (Ar. 6 C): 82.92 (CH3-CH, 1 C); 53.61

((CH3)2-C 2 C): 40.50 ((CH3)2-C-CTi2, 2 C); 36.25 (P(OK'H2, 1 C); 31.96, 31.39,

29.45.27.94, 27.07.23.39. 21.78 (alkyl CH2, 14 C); 22.81 ((CH3)2-C. 4 C): 17.36

(TEMPO CH2-CH2-CH2, 1 C); 14.28 (alkyl CH3, 2 C).

2.6.5 Preparation of 3-covered CdSe nanoparticles 5

To approximately 25 mg of pyridine functionalized CdSe nanoparticles in THF

(3 mL) was nitroxide 3 (250 mg). The solution was stirred at room temperature for 16

h, at which point the solution was optically clear. Anhydrous methanol (4 mT) was

added, then the solution concentrated to ca. 3 mL. To this was added anli\ drous

methanol (4 mL ). The solution was centrifuged for 5 min then the supernatant

decanted. The nitroxide functionalized nanoparticles were dispersed in styrene (2.5

mL) and stored at -20°C.

2.6.6 General Procedure for Polymerization from Nitroxide CdSe 5

A solution of 5 in styrene (0.4 mL) was added to a reaction tube, piu-ged w ith

N2. and subjected to five freeze-pump-thaw cycles. The mi.xture was heated at 125 °C

for 4-24 h. depending upon the molecular w eight desired. The reaction w as cooled and

the solid product was dissolved in THF and precipitated into methanol. The product

was recovered via filtration to afford a pale red pow der.
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2.6.7 General procedure for removal of polymer from nanoparticle surface for

molecular weight analysis

25 mg ofDMAP was added to 1 5 mg CdSe-polymer product 6 dissolved in THF

(1 mL) then stirred at 50 °C for 4 hours. The solution was precipitated into methanol

then the milky solution centrifuged for 10 minutes. The supernatant was decanted, and

a white solid was collected and dried by N2 purge.

2.6.8 General procedure for the annealing of CdSe-PS composites with PS-Z>-

PMMA diblock copolymers

To a 7 mL vial was added CdSe-PS composite (5 mg) and PS-Z)-PMMA (95

mg). The polymer was dissolved in toluene (2.5 mL) then the vial placed on a bench

top and the solvent was allowed to evaporate over 24 h. The \ ials were then placed in a

vacuum oven at 45 °C for 24 h followed b\- 90 °C for 24 h. The samples were cooled

then microtomed to 25 to 40 nm thick slices for electron microscopy.
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CHAPTER 3

CADMIUM SELENIDE/ZINC SULFIDE QUANTUM DOTS WITH A CROSS-

LINKED POLYMER SHELL

3.1 Introduction

During the course of experiments with polymer-grafted quantum dots, the

degradation of optical properties and nanoparticle aggregation was observed after

several months of storage. One possible mechanism for this problem could be the

oxidation of surface atoms. W'Tien the hybrid material is redissolved, some or all of the

polymers grafted from the surface are no longer bound to the nanoparticle, resulting in

nanoparticle aggregation. A proposed solution to this undesirable effect is the

encapsulation of nanoparticles in a cross-linlced polymer environment. Cross-linking

the polymer shell of quantum dots was expected to improve their resistance to chemical

degradation and afford the creation of unique nanostructured materials.

Several cases of shell cross-linked nanoparticles are reported in tlie literature,

such as the wholly organic polymer nanoparticles developed by Woole}' and coworkers.

One example of this work is that of polystyrene-^-poly(acrylic acid) (PS-^-PAA).

where the hydrophilic PAA corona is cross-linked b\' a diamine, or poh styrene-Z)-

poly(4-vinyl pyridine) (PS-Z)-PVP). in which the pyridine is quaternized with vinyl

benzyl chloride, then radically cross-linked to give the shell cross-linked nanoparticle.^"^

Taton and coworkers have employed a similar approach to encapsulate alkyl-covered

gold nanoparticles by physisosorbtion of PS-/>-PAA followed by micelle formation.

Once assembled, the micelle corona can be cross-linked chemically and gold containing
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micelles can be isolated after selective centrifugation to remove empty micelles that do

not contain a gold core."*

Hawker and coworkers have prepared cross-linked polystyrene nanoparticles.

using a benzocyclobutane-functionalized polystyrene copolymers. These functional

copolymers can undergo exclusive intrachain cross-linking, without the need for high

dilution/^ The addition ofBCB fiinctionalized copolymers to a poor, hot solvent causes

the polymer to collapse into a globular confonnation followed by intrachain cross-

linking through the BCB moiet}'. as shown in Figure 19. The application of this cross-

linking chemistr}- to CdSe-polyst\Tene hybrid materials is the focus of this chapter.

Figure 19. Chemical and schematic illustrations of the synthesis of polymer

nanoparticles reported by Hawker and coworkers.

3.2 Polymerization From Cadmium Selenide/Zinc Sulfide Core Shell

Nanoparticles

3.2.1 Cadmium Selenide/Zinc Sulfide Core Shell Nanoparticles

The preparation of cadmium selenide quantum dots \\ ith an inorganic protective

shell was originalh' reported b\ Mines and Guyot-Siomiest in followed by simultaneous

reports by both the Alivisatos and Bawendi research groups in 1997.^" The passi\ ation

of the CdSe core with an o\ ercoat of either CdS or ZnS allow s for superior resist;mce to
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oxidation and a di'amatic increase in photoluminescence intensity due to the near

complete passivation of CdSe surface atoms by the ZnS overcoat. With this inorganic,

protective coating, quantum yields of greater than 90 % are routinely reported for

CdSe/ZnS core shell quantum dots. The original synthesis of these nanoparticles called

for the preparation and isolation of TOPO-covered CdSe followed by the addition of

diethyl zinc and hexamethyldisilathane in TOP to give a thin (5-6 monolayers) coating

of ZnS on the particle surface. More recently. Rosenzweig and coworkers described a

one-pot synthesis of core-shell nanoparticles as shown in Scheme 7. The alkyl

functionalized CdSe/ZnS are isolated following repeated precipitation into methanol

and are readily dispersible in a range of organic solvents such as tetrahydrofuran,

chloroform, and hexanes.

Scheme 7. A one-pot synthesis of TOPO/HDA covered CdSe/ZnS nanoparticles.
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3.2.2 Synthesis of a Thermally Active Cross-linkable Monomer

Benzocyclobutane (BCB) has been used as a thermally activated cross-linking

agent in muhiple areas of polymer chemistr\'. In addition to the cross-linked

poiyst}Tene particles discussed previously, Moore and coworkers have used

benzocyclobutane derivatives to cross-link poly(phenyleneterephthalamide).^ Hawker

and Russell have utilized poly(lactic acid)-/)-styrene-BCB block copolymers to

thermally cross-link phase-separated thin films.'" At high temperatures f> 200 °C),

BCB is converted to an ortho-quinoide structure that undergoes inter-molecular Diels-

Alder reaction followed by a Cope rearrangement to form the dibenzocyclooctane

product as illustrated in Scheme 8." The vinyl substituted BCB 10 was chosen as a

thermally cross-linkable monomer since the irreversible cross-links are formed in the

absence of undesirable side reactions {e.g. generation of radical or ionic species which

could adversely affect the quantum dot) and without the need for additional cross-

linking reagents. Moreo\ er. Hawker has shown tliis monomer to be amenable to the

temperatures and conditions necessary for NMRP.

> 200 °C ^ ,

cn — a
Benzocyclobutane o/t/?o-quinoide Dibenzocyclooctane

Scheme 8. The thermal initiated dimerization of benzocyclobutane.

BCB-functionalized monomer 10 was prepared in thi"ee steps from

commercially available 2-methylbenzyl chloride 7, as shown in Scheme 9. Flash

vacuum pyrolysis of 7 gave benzocyclobutane 8 in 67 % yield following purification by

distillation.'" The 'H NMR signal at 6 - 3.0-3.2 ppm. coiTesponding to the meth\ lene

cyciobutane protons, was used to contlrm the presence of BCB or BCB deri\ ati\ es
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throughout the s>'nthesis. BCB 8 was converted to 4-carboxyaldeh} de

benzocyclobutane 9 by Fridel-Crafts addition of a,a"-dichloromethyl methyl etlier in 56

% yield.'"' Benzaldehyde 9 was purified by distillation and identified by the 'H NMR

signals at 6 9.94 ppm (aldehyde proton) and 6 3.24 ppm (BCB methylene protons). The

benzaldehyde intermediate 9 was immediately converted to the styrene since the

colorless aldehyde material became yellow and cloudy when stored for extended

periods of time, likely a cause of residual HCl (generated from TiCU). Wittig reaction

of 9 w ith methyl triphenylphosphonium bromide"^ gave vinyl substituted BCB 10 in

28% overall yield. 'H NMR spectroscopy of styrene derivative 10 exhibited

characteristic vinyl resonances at 6 6.60, 5.56 and 5.03 ppm and a singlet at 6 3.06 ppm

corresponding to the methylene protons of the cyclobutane.

7 8 CI 9 10

(67 %) (56 %) (72 %)

Scheme 9. Synthesis of 4-vinylbenzocyclobutane 10 from 2-methylbenz\ 1 chloride

7.

'

3.2.3 Thiol-Nitroxide Synthesis and Ligand Exchange with Cadmium

Selenide/Zinc Sulfide Core Shell Nanoparticles

Building from the work described in Chapter 2. nitroxide functionalized

CdSe/ZnS quantum dots were prepared for the copolymerization of styrene and vinyl-

BCB 10. To achieve this goal, nitroxide functionalized thiol 12 was prepared for these
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studies as shown in Scheme 10. The thiol was synthesized in addition to the phosphine

oxide Hgand since it exhibits a stronger affinity for the CdSe/ZnS surface relative to

phosphine oxides and Hgand exchange with thiols can be performed directly from the

CdSe/ZnS TOPO nanopailicles, without the need for a pyridine intermediate.'"' Thiol

ligand 12 was prepared from reaction of the TEMPO benzyl chloride derivative 2 with

potassium thioacetate to give nitroxide-functionalized thioacetate 11. Reduction of the

thioacetate with LAH gave thiol 12 in 94 % yield. Characterization of 12 by 'H NNIR

spectroscopy showed the absence of the thioacetate meth}i protons (C(0)-C//i at b 2.35

ppm) and a resonance corresponding to the benzyl protons adjacent to the thiol (Ar-

C//2-SH) at 6 3.71 ppm.

Scheme 10. Synthesis of thiol-nitroxide ligand 12 from benzyl chloride 2, which

was prepared in Chapter 2.

Prepai-ation of 12-functionalized of CdSe/ZnS quantum dots was accomplished

b\' stirring TOPO capped CdSe/ZnS nanoparticles with 12 at room temperature in

chloroform according to Scheme 11. E\ aporation of the chloroform followed b>-

precipitation into methanol, gave the desired nitroxide functionalized CdSe ZnS

nanoparticles 12. 'H NMR spectroscopy confirmed the presence of thiol niti-oxide

ligand periphery, and no resonances from either TOPO or TOP w ere observed in the ''P

NMR spectrum of 13. A slight blue shift in the fluorescence peak maximiun w as
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accompanied by a significant decrease in solution photoluminescence intensity

following ligand exchange with thiol 12 as illustrated in Figure 20. Preparation of 3-

covered CdSe/ZnS was performed using conditions identical to those described in

Chapter 2.

Scheme 11. Ligand exchange of TOPO/HAD covered CdSe/ZnS quantum dots

with 12 to give nitroxide functionalized CdSe/ZnS 13.

500 550 600 650

Wavelength (nm)

Figure 20. Solution photoluminescence ofTOPO covered CdSe/ZnS before (red

curve) and after ligand exchange to CdSe/ZnS-nitroxide 13 (blue curve).
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3.2.4 Copolymerizations of Styrene and 4-vinylbenzocyclobutane from

Cadmium Selenide/Zinc Sulfide Nanoparticles

Trial polymerizations were performed to demonstrate the ability of CdSe/ZnS,

capped with either phosphine oxide or thiol nitroxide ligands, to effectively mediate the

polymerization of styrenic monomers from the nanoparticle surface. In accord with

procedures described in Chapter 2, 12-functionalized nanoparticles were dissolved in

st} rene. degassed with multiple freeze-pump-ihaw cycles, and heated to 125 °C for 12

h. The nanoparticle polymer hybrid material was isolated by precipitation from

methanol. Characterization of the polymer grafts was performed following the removal

from the nanoparticle surface b\' DMAP. Gel penneation chromatography relativ e to

polystyrene standards indicated molecular weights in the range of 10.000 to 100.000

g/mol, depending on the amount of monomer used for a given amount of nitroxide

functionalized nanoparticles. Polydispersities of 1.4-1.5 were found for phosphine

oxide 3-functionalized CdSe/ZnS. while PDI ranges of 1.4-1.7 were obtained for the

thiol 12-functionalized CdSe/ZnS. The liigher PDI values for the thiol ligand are likely

due to the susceptibility of free thiol to chain transfer. The optical properties of the

quantum dot were maintained relative to the nitroxide functionalized particles following

polymerization, as only a small blue shift is evident in the solution photoluminescence

spectrum shown in Figure 21.
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Figure 21. Solution photoluminescence of CdSe/ZnS 13 before polymerization

(blue cun e) and CdSe/ZnS-PS composite after polymerization (red curve).

12-Functionalized CdSe/ZnS nanoparticles were then used to initiate the

copolymerization of styrene and BCB 10 in a 70:30 ratio. (Scheme 12) This was done

by dispersing the 12-covered nanoparticles in st\rene:BCB 10 mixture, degassing, and

heating to 125 °C under nitrogen for 12 hours. (For clarit\' and reasons that will be

discussed later in the chapter, only results from 12-functionalized CdSe/ZnS will be

discussed.) The product, a CdSe/ZnS-(PS-co-BCB) composite material, was isolated in

50 to 60% yield following precipitation into methanol. 'H NMR resonances at 6 7. 12

and 6.71 ppm represented the aromatic region of polystyrene while a signal at 5 3.10

ppm confirmed the presence of the BCB moiety in the CdSe/ZnS-(PS-co-BCB)

composite. Further characterization of a representative composite was found to have

75.800 g/mol with a PDI of 1.46. and fluorescence maxima at 590 nm compared to 593

nm for the nitroxide functionalized CdSe/ZnS.
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14

Scheme 12. Copolymerization of st>'rene and 10 from nitroxide particle 13 to give

CdSe/ZnS-(PS-co-BCB) composite 14.

3.4 Thermally Activated Cross-linking of CdSe/ZnS-Poly(st> rene-c<7-

benzocyclobutane) Composite Materials

Initial cross-linking experiments utilized the methods of Harth and coworkers

for the preparation of cross-linked organic nanopaticles.' The CdSe/ZnS-(PS-co-BCB)

composite material was dissolved in benz\'l ether then added dropwise to a stirred

solution of hot 250 °C) benz> l ether. It was expected that slow addition of the

composite into a poor, hot solvent would cause the polymer chain to collapse upon the

nanoparticle and cross-link exclusively b> an intra-particle mechanism, such that

particle-particle coupling would be avoided. (Scheme 13) Unlbilunateh . degradation

of the quantum dot occuiTed during this process, as judged b> complete loss of
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photoluminescence and absorbance optical properties. A wide range of high boihng

solvents and combinations thereof were screened in this high temperature cross-linking

procedure (Table 2).

Scheme 13. Schematic illustration of the benzocyclobutane cross-linking reaction

converting CdSe/ZnS-(PS-c<?-BCB) composite 14 to sheli-cross-iinked quantum
dots 15.

Polymer Solvent Crossllnking Solvent Degrees C Result

Benzyl Ether Benzyl Ether 300 No CdSe/ZnS Fluorescence

Benzyl Ether Benzyl Ether 250 No CdSe/ZnS Fluorescence

Benzyl Ether Benzyl Ether 225 No CdSe/ZnS Fluorescence

Benzyl Ether Benzyl Ether 200 No Fluorescence, Little Crossllnking

Benzyl Ether Benzyl Ether 175 No Fluorescence, No Crossllnking

Benzyl Ether Silicon Oil 300 No CdSe/ZnS Fluorescence

Benzyl Ether Silicon Oil 250 No CdSe/ZnS Fluorescence

Benzyl Ether Hexatriacontane 250 No CdSe/ZnS Fluorescence

Methylene Chloride Silicon Oil 250 No CdSe/ZnS Fluorescence, Insoluble

1,2,4-Trichlorobenzene 1,2,4-Trichlorobenzene 220 Blue Shifted Flourescence, 7% crosslinking

Benzyl Ether 1,2,4-Trlchlorobenzene 220 No CdSe/ZnS Fluorescence

Methylene Chloride Benzyl Ether 250 No CdSe/ZnS Fluorescence, Insoluble

Methylene Chloride 1-Octadecene 250 Blue Shifted Fluorescence, Insoluble

Benzyl Ether 1-Octadecene 250 No CdSe/ZnS Fluorescence

1,2,4-Trlchlorobenzene 1-Octadecene 230 15 nm Blue Shifted Fluorescence

Table 2. A reaction matrix describing various reaction conditions attempted for

the synthesis of shell-cross-linked quantum dots 15.

Optimum results were obtained for the cross-linking reaction when a 1 .2,4-

trichlorobenzene solution of CdSe/ZnS-(BCB-co-PS) composite was added to 1-

66



octadecene at 240 °C. When performed using degassed solvents, the cross-linking

reaction proceeded without nanoparticle degradation and only very small blue shifts in

quantum dot tluorescence. This relatively small blue shift indicated thai the quantum

dot was not appreciably affected by the cross-linking reaction. (Figure 22) Following

the cross-linking reaction, excess solvent was removed via Kugelrohr distillation and

the shell-cross-linked quantum dots 15 were precipitated into methanol. The resulting

material was soluble in a wide range of organic solvents, including hexanes. This

unique, increased solubility was noted since the CdSe/ZnS-(PS-co-BCB) starting

material is insoluble in hexanes. Characterization of 15 by 'H NMR showed the

disappearance of BCB resonances at 6 ~ 3.1 ppm and the appearance of resonances at 6

- 2.8 ppm corresponding to the dibenzocyclooctane cross-link, illustrated in Figure 23.

a) b)

500 SSO 600 550 ?00 50C 550 SCO 650

Wavcicnflth (nm) Wavelength (nm)

Figure 22. Solution fluorescence emission of CdSe/ZnS-(PS-c<;-BCB) before (red

curve) and after (blue curve) the crosslinking reaction for a) reaction run under

nitrogen and b) reaction run >vith degassed solvents under argon
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Figure 23. NMR spectrum for A) CdSe/ZnS-(PS-c<>-BCB) 14 before cross-

linking and B) shell-cross-linked quantum dots 15 after cross-linking. The red

asterisks denote the methylene groups responsible for the resonance.

Optimal results were obtained from composites with individual chains of

molecular weight greater than ca. 20.000 g/mol and greater than 20 mole percent BCD.

The use of unprotected CdSe nanoparticles (i.e. no inorganic shell) proved incompatible

with the cross-linking process, as nanoparticle degradation was consistent!)' observed.

Moreover, the nitroxide functionalized phosphine oxide ligand used previously for

polymer growth from CdSe nanoparticles. while suitable for use with the CdSe/ZnS

core shell particles, did not perfonn as well as the thiol ligand. as substantial blue shifts
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in the quantum dot photoluminescence was observed following cross-linking. The

lower affinit>' of phosphine oxides relatixe to thiols for the cadmium surface atoms and

the poorer ligand coverage compromises the optical properties and likely leads to

diffusion of the polymer chain away from the nanoparticle surface before cross-linking

occurs.

3.5 Characterization of Shell-Cross-linked Quantum Dots

3.5.1 Electron Microscopy and Electron Diffraction

Transmission electron microscopy was used to characterize these new

organic/inorganic shell-cross-linked structures. The micrograph in Figure 24a shows

the CdSe/ZnS-(PS-co-BCB) composite where the 3 um nanoparticles are dispersed in

the polymer matrix, correlating well with our previous results from Chapter 2. Figure

24b illustrates the micrographs from the shell cross-linked quantum dots. Two distinct

size distributions of particles are present in the micrograph of the shell-cross-linked

nanoparticles as shown in the histogram in Figure 24c. The larger particles (24-28 nm)

are believed to represent the shell-cross-linked quantum dots while the smaller particle

distribution (-10 nm) is believed to reflect cross-linked particles that do not contain

quantum dots, arising from polymer that was either unbound from the CdSe/ZnS

smTace following the graft-from step or that became free of the surface at the liigh

temperatures used for cross-linking. Unfoilunately. individual quantum dots \\ ere not

visible inside the cross-linked particles due to the mass thickness contrast of the cross-

linked polystyrene and the diffraction contrast of the CdSe/ZnS. The result of a control

experiment to demonstrate the size of cross-linked polystyrene is represented in Figure

24d. PS-co-BCB (M„ ~ 25.000 g/mol) was cross-linked using cross-linking conditions

69



identical to those used in the preparation of shell-cross-linked quantum dots, resulting in

7-9 nm organic nanoparticles. The size of these polystyrene nanoparticles is in

agreement with the sizes prev iously reported and likely represent the smaller

distribution of particles observ^ed in the micrograph of shell-cross-linl<ed quantum dots.

A) B)

nm 45 nm

c) D)

*2

S

4- « .

! , , 45 nm

20

18
\

i

16
:

14
;

>• 12 !

3 10
i

* J ill 8

4 t

2 ^

0 L A I
6 8 10 12 14 16 18 20 22 24 26 28 30 32

Particle Size (nm)

Figure 24. Transmission electron micrographs of A) CdSe/ZnS-(PS-co-BCB) 14,

B) shell-cross-linked quantum dots 15 and C) the polyst\ rene cross-linking control

experiment. A histogram of particle sizes for shell-cross-linked quantum dots is

shown in panel D.
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While not visible in the transmission images, electron diffraction of the shell

cross-linked quantum dots 15 clearly indicates the presence of a cr>'stalline material

with a d spacing of 2. 1 1 A (Figure 25a). This value corresponds to the reported value

of CdSe (<iiio. 2.15 A), suggesting the presence of cr}'stalline CdSe.'"'^ Electron

diffraction of the control experiment (Figure 25b) showed only an amorphous halo,

confirming the absence of crystalline material in the cross-linked polystyrene beads.

A) B)

Figure 25. Electron diffraction patterns for A) shell-cross-linked quantum dots 15

and B) the polystyrene control experiment.

The particle size distribution also suggests the existence of the quantum dots

within the cross-linked polymer shell. When a single polymer chain is cross-linked into

a 10 nm diameter sphere, it occupies a volume of approximately 500 nm^. When this

volume is compared to the 1 1500 nm" occupied by a 27 nm particle, h is ob\ ious that

this distribution is not the result of the intermolecular cross-linking between tw o or

three polymer chains. If one were to assume that the larger particles \\ ere a result of

interchain cross-linking events, then a Gaussian distribution across all particle sizes

would be expected, rather than the discrete distributions observed. Based upon the

71



presence of crystallinit}' in the electron diffraction image and the distribution of particle

sizes, it is surmised that each of the larger cross-linked particles possesses a single

quantum dot while the smaller particles are comprised of a single cross-linked

polystyrene chain.

It should be noted that these experiments were repeated in the Emrick laboratory

by Sang Ho Cha with gold nanoparticle cores. The nitroxide functionalized gold

nanoparticles were prepared directly in the nitroxide ligand 12 and the PS-co-BCB

copolymer grafted from the nanoparticle surface. The resulting Au-(PS-co-BCB)

composite was cross-linked using conditions identical to those described above.

Fortunately, the increased electron density present in the gold core results in improved

contrast for electron microscopy. This improved contrast allows for the differentiation

of the cross-linked organic shell and the nanoparticle core in the electron micrograph

(Figure 26). This result offers substantial support for the model of individual

nanoparticles inside a cross-linked polymer gel presented for the shell-cross-linked

quantum dots.

Figure 26. Transmission electron micrographs of shell cross-linked gold

nanoparticles illustrating individual nanoparticles inside within polymer shells.
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3.5.2 Chemical Degradation of Shell Cross-linked Quantum Dots

Chemical degradation studies were performed using DMAP treatment of the

cross-linked composite material vs. uncross-linked to determine the impact of cross-

linking on quantum dot properties. DMAP can be used to remove ligands from CdSe

nanoparticles and diminish their fluorescence. The permeability of the cross-linked and

uncross-linked polymer shells was investigated by mixing these materials with DMAP

in a range of solvents and monitoring the fluorescence intensities as a function of time

as illustrated in Figure 27. WTien the core-shell materials are stirred with 30 mg DMAP

in 4:1 octadeceneiCHCb. a poor solvent combination for polyst\Tene. no loss in

fluorescence intensit}' or noticeable blue shifts for either the uncross-linked or cross-

linked material was observed. However. Figure 27a illustrates the experiment

performed with a 1 :1 mixture of octadecene to CHCI3. In this case, the cross-linl<;ed

composite exhibits a behavior similar the 4:1 mixture while the uncross-linked

composite gradually loses fluorescence over foui" hours, indicating that DMAP was able

to reach the quantum dot surface, resulting in diminishment of fluorescence intensity.".

Moreover, as shown in Figure 27b. fluorescence is lost rapidh in both materials when

stirred in a solution ofDMAP in CHCI3. a good solvent for polyst\ rene capable of

swelling the cross-linked polymer gel. and pro\ iding chemical accessibility- to the

particle surface. These simple experiments higlilight the benefits of shell cross-linking

and other limitations associated with organic poh mer shells that can be swelled under

appropriate conditions.
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Figure 27. Chemical degradation of CdSe/ZnS-(PS-co-BCB) and the shell cross-

linked quantum dots. The fluorescence of each material was measured as a

function of time following the introduction of 4-dimethylaminopyridine in a) 1:1

octadecenerCHCb and b) 100 % CHCI3.

3.6 Summary

CdSe/ZnS core-shell quantum dots were functionalized with a thiol-nitroxide

ligand for use in the preparation of nanoparticle-polymer composite materials. 4-vinyl

benzocyclobutane was prepared and incorporated as a comonomer in controlled free-

radical polymerizations from the CdSe/ZnS surface. Cross-linking conditions were

found that allowed for complete conversion of benzocyclobutane to dimer cross-links

without adversely affecting the quantum dot's optical properties. The shell cross-linked

nanoparticles exhibited improved chemical resistance relative to the native, uncross-

linked CdSe/ZnS-polymer composites.

3.7 Experimental Details

3.7.1 General Methods and Materials

Solvents were purchased from VWR and all other reagents from Aldrich and

used as supplied unless otherwise noted. THF was dried over sodium/benzophenone

and distilled before use. Styrene was washed with 1 N NaOH, dried with MgS04, and
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then distilled over CaH2 prior to use. All reactions were run under a N2 atmosphere

unless otherwise noted. NMR spectra were obtained on either a Briiker DPX 300 MHz

or Briiker Spectrospin 400 MHz spectrometer. Chemical shifts are expressed in parts

per million (6) using residual solvent protons as the internal standard. CHCI3 (b 7.26

for 'H. 77.23 for 'T) was used as an internal standard for CDCI3. Gel permeation

chromatography (GPC) measurements were performed in tetrahydrofuran (THF) at 1 .0

niL/min using a Knauer K-501 Pump with a K-230i refractive index detector and K-

2600 UV detector, and a colunin bank consisting of two Polymer Labs PLGel Mixed D

columns and one PLGel 50 A column (1.5x30 cm) at 35 °C. Molecular weights are

reported relative to polystyrene standards. Fluorescence measurements were recorded

on a Perkin-Elmer LS-55 fluorescence spectrophotometer and UV-Vis measurements

were made on a Perkin-Elmer Lambda 25 spectrophotometer. Fluorescence spectra

were normalized to the optical density at the excitation w'avelength (400 or 450 nm).

Transmission electron microscopy and electron diffraction were performed on a JEOL

lOOCX microscope at lOOK magnification (46 cm camera length). Samples were

transferred to the 400 mesh carbon coated copper grids b\' either drop casting or dip

coating from chloroform solutions.

3.7.2 Preparation of TOPO Covered CdSe/ZnS Quantum Dots

To a 3-necked round bottom flask equipped with stir bar. reflux condenser,

argon inlet, temperature thermocouple and septa was added CdO (0.016 g) and laiuic

acid (0. 16 g). The reagents were stirred with heating until a clear, colorless solution

was present. The solution was cooled, then 1 -hexadecylamine (1.94 g) and tri-;?-
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ocuiphosphine oxide ( 1 .94 g) was added and the reactants heated to 270 °C. Once a

clear solution was present, Se (0.08 g) in tri-;7-oct\iphosphine (2 mL) was rapidly

injected and the temperature reduced to 200 °C. The solution gradually changed from

colorless to red over 30 s. After 2 min. diethyl zinc (1 mL, 1.1 M solution in hexanes)

and hexamethyldisilathane (0.25 mL) in tri-«-octylphosphine (2 mL) was added over 1

min. This solution was stirred at 185 °C for 1 h, then cooled to 50 °C. Methanol (10

mL) was added, the solutions divided into four vials then centrifuged. The supernatant

was discarded and the precipitate dissolved in chlorofomi (3 mL/vial) and centrifuged at

3000 rpm for 5 minutes. The supernatant was recovered and precipitated into methanol

(4 mL/vial). This precipitation process was repeated once more then the CdSe/ZnS

particles stored in a chloroform solution.

3.7.3 Synthesis of Benzocyclobutane 8

2-methylbenzyl chloride 7 (40 g. 284 mmol) was subjected to flash vacuum

pyrolysis under the following conditions. A 500 mL round bottom flask was connected

to a 24" long quartz tube, connected to a 250 mL rotary trap. The glassware was

attached to a Kugelrohi' distillation apparatus such that the round bottom flask

containing the starting material was placed in the oven, the quailz tube was situated in a

muffle furnace and the cold trap connected to the drive motor and vacuum. The system

was evacuated to 200 mTorr. the furnace heated to 850 °C and the trap cooled with

liquid nitrogen. Gradually, the oven was warmed from room temperature to 55 °C.

After 3 h, all starting material had evaporated and passed through the quartz tube. The
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trap was thawed, poured into 250 mL water, and extracted with diethyl ether (3 x 300

mL). The solvent was removed and the residue stirred in DMSO (300 mL) and KOH

(40 g) for 24 h at room temperature. This solution was then poured into 400 mL water

then extracted with pentane (3 x 250 mL). The combined organic layers were dried

over MgS04. filtered and evaporated. The product was obtained as a colorless liquid

following Kugelrolir distillation (14.7 g. 140 mmol. 50 %) 'H NMR (300 MHz. CDCI3,

6) 7.10 (m. Ar-//. 4H), 3.19 (s. Ar-C//2. 4 H). (75 MHz. CDCI3. b) 146.36. 127.14,

122.99,30.19.

3.7.4 Synthesis of 4-carbaldehydebenzocyclobutane 9

H

O

To a flame-dried 2 neck, 250 mL round bottom flask equipped with stir bar,

addition funnel and N2 inlet was added benzocyclobutane 8 (15.0 g. 144.0 mmol) and

dichloromethane (100 mL). The solution was cooled with an ice bath and TiCL (54.6 g.

288.0 mmol) in dichloromethane (50 mL) was added drop wise o\er 15 minutes then

stin-ed for an additional 15 minutes. a.a"-Dichloromethylmeth\ l ether (16.6 g. 144.0

mmol) in dichloromethane (25 mL) was then added drop wise o\er 15 minutes. After 1

houi\ the solution was poured over ice (400 g) and extracted with dicliloromethane (3 x

150 mL). The combined organic layers were dried over MgS04. ti'eated with cai^bon

black, filtered over celite. then the solvent evaporated. Pure product was obtained

following Kugelrohi- distillation (180 °C) to give a colorless liquid (1 1.5 g. 86.6 mmol,

60 %). 'H NMR (300 MHz. CDCI3. 6) 9.94 (s. C(0)//. 1 H). 7.74 (d-d. J////=7.5. 1.3
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Hz, Ar-H. 1 H). 7.58 (s. Ar-K 1 H), 7.21 (d-d, Jhh=7.5, 1.4 Hz, Ar-//, 1 H), 3.24 (s. Ar-

CHi. 4 H).

3.7.5 Synthesis of 4-vinylbenzocycIobutane 10

To a 500 mL 2 necked round bottom flask equipped with stir bar, nitrogen inlet

and septum was added methyltriphenylphosphonium bromide (43.3 g. 121.2 mmol).

The flask was evacuated for 1 hour then backfilled with N2. THE (200 mL) was added

and the stirred solution cooled with a dry ice/acetone bath. /7-BuLi (1 16.9 mmol) in

hexanes was added drop wise then the flask wanned to room temperature. After 1 h,

the solution was again cooled with a dr>' ice/acetone bath and 4-

carbaldehydebenzocyclobutane 9 (1 1.4 g, 86.6 mmol) was added via syringe. The

reaction was allowed to warm to room temperature and stirred for 2 hours. The solution

was diluted with hexanes (100 mL) then filtered over silica gel. The solvent was

removed and the residue purified by silica gel column chromatography (hexanes). Pure

product was obtained following Kugelrohr distillation (90 °C) to give a colorless liquid

(7.6 g. 58.1 mmol. 67 %). 'H NMR (300 MHz, CDCI3. 6) 7.12 (d-d, J///r=7.6, 1.2 Hz,

Ar-H. 1 H). 7.04 (s, Ar-K 1 H). 6.89 (d-d, J////=7.5, 0.9 Hz, Ar-K 1 H). 6.60 (d-d,

J///r=17.6. 10.6 Hz. C//CH2, 1 H), 5.56 (d-d, J////=17.6, 1.0 Hz, CHC//2, 1 H), 5.03 (d-d,

J////=10.9. 1.0 Hz. CHC//2. 1 H). 3.06 (s. A1-CH2, 4 H).

78



3.7.6 Preparation of nitroxide thioacetate 11.

To a 50 mL round bottom flask was added TEMPO-benz\i chloride 2(3.1 g.

10.5 mmol) potassium thioacetate (2.1 g, 16.5 mmoi) and DMF (20 mL). The reaction

was heated to 50 °C and stirred for 12 hours. The reaction was cooled, diluted with

water (25 niL), and extracted with diethyl ether (3 x 75 mL). The combined organic

layers were dried over MgS04. filtered over silica gel then solvent removed under

reduced pressure. The crude product was recrystall ized from methanol yielding the

product as colorless crystals (3.2 g. 86% yield, mp 79-80 °C). 'H NMR (300 MHz,

CDCI3. 6) 7.22 (m. 4 H. Ar-//). 4.75 (q. J///y=6.59 Hz. 1 H. Ar-C/Z-fCHO-O). 4.1 1 (s. 2

H. Ar-Ci/2-S). 2.35 (s. 3 H. S(0)C//3). 1.46 (d, 3hh=6.70 Hz. 3 H. .Ar-CH-C/Zs). 1.33 (s.

3 H. C-CH3). 1.15 (s. 3 H. C-CHs). 1.01 (s. 3 H. C-CH3). 0.66 (s. 3 H. C-CHs).

NMR (75 MHz. CDCI3. 6) 195.32. 144.94, 135.85, 128.53, 126.90, 82.73, 59.74, 40.41.

33.34.30.42.23.56.20.42. 17.29. HRMS-EI(ni/z): [Mf calcd for CzoH^iNOzS.

349.2076; found. 349.2052.
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3.7.7 Preparation of nitroxide thiol 12

To a 50 mL round bottom flask was added LAH (0.4 g, 10 mmol) followed by

THF (20 mL). The solution was cooled with an ice bath then nitroxide thioacetate 11

(2.8 g. 8 mmol) dissolved in THF (10 mL) was added drop wise. The reaction was

stirred at room temperature and monitored by TLC until complete (15 minutes). The

reaction was quenched with acetone, diluted with water (20 mL). and extracted with

ether (3 x 50 mL). The organic layers were combined, dried with MgS04, and the

solvent removed under reduced pressure giving the pure product as a colorless oil (2.3

g, 94 % yield). 'HNMR (300 MHz, CDCI3, 6) 7.21 (m, 4 H, Ai-H), 4.76 (q, J////=6.70

Hz, 1 R Ar-C//-(CH3)-0), 3.74 (d. J///r=7.51 Hz, 2 H, A1-CH2-SH), 1.46 (d, JhiT^.19

Hz. 3 H. Ar-CH-C//3). 1.26 (s. 3 H. C-CH3I 1.15 (s. 3 H, C-C//?), 1.02 (s, 3 H. C-CH3).

0.66 (s. 3 H. C-CHs). '^C NMR (75 MHz. CDCI3, 6) 144.66. 139.49, 127.68. 126.88,

82.73. 59.68. 40.34, 29.29, 28.78, 23.56. 17.23. HRMS-EI (m/z): [M+H]^ calcd for

C18H30NO2S. 308.2048: found. 308.1974.

3.7.8 Preparation of Thiol Nitroxide functionalized CdSe/ZnS Quantum Dot 13

TOPO covered CdSe/ZnS nanoparticles suspended in chloroform and thiol

nitroxide 3 (400 mg) were stirred at room temperature for 24 hours. The nitroxide-

functionalized particles were precipitated with methanol then centrifuged. The
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supernatant was decanted and the particles redispersed in chloroform and the

precipitation process repeated. A majority of the product dissolved in styrene for future

poK merizations with a portion of the nanoparticles suspended in CDCI3 for analytical

analysis. 'HNMR(300 MHz, CDCI3. 6) 7.20, 4.71, 1.41, 1.19, 1.14, 0.96, 0.62.

3.7.9 General Procedure for the Preparation CdSe/ZnS-(PS-co-BCB) 14

Vinyl BCB 10 (0.3 g). styrene (0.2 g). and nitroxide functionalized CdSe/ZnS 13

in st}'rene (0.5 g) were added to a reaction tube equipped with a stir bar and N: inlet,

purged with N2. and subjected to tlu'ee freeze-pump-thaw cycles. The mixture was

heated at 125 °C for 12 h, allowed to cool, dissolved in THF. and precipitated into

methanol. The product was recovered via filtration to afford a pale red powder (0.53 g,

53% yield). NMR (300 MHz. CDCI3, 6) 7.12 (PS Ar-H). 6.71 (PS Ar-H). 3.10 (BCB

CH2-CH2). 1.89 (PS CH). 1.46 (PS CHi).

3.7.10 General procedure for removal of polymer from nanoparticle surface for

molecular weight analysis.

25 mg ofDMAP was added to 15 mg CdSe/ZnS-polynier product dissolved in

THF (1 mL) then stirred at 50 °C for 24 houi-s. The solution was precipitated into

methanol centrifuged for 10 minutes. The supernatant was decanted, and the residual

white solid collected and dried b}' N2 purge.
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3.7.11 Preparation of Shell-cross-linked Quantum Dot 15

To a 3-neck round bottom flask equipped with magnetic stir bar, theiTnocouple

adapter, reflux condenser, inlet adaptor, and addition funnel was added 1-octadecene

(50 niL). CdSe/ZnS-(PS-co-BCB) composite material 14 (100 mg) was dissolved in

1.2.4-trichlorobenzene (20 mL) and added to the addition funnel. The system was

degassed under vacuum for one hour, backfilled with argon, then the 1 -octadecene

heated to 240 °C. The CdSe/ZnS composite solution was added drop wise to the hot

octadecene solution over 5 minutes, then stirred at 240 °C for an additional 40 minutes.

After the reaction was cooled, the majority of the solvent was removed by Kugelrohr

distillation (150 °C). The residue was dissolved in a minimal amount of chloroform,

precipitated with methanol then centrifuged. The supernatant was decanted, and the

shell cross-linked nanoparticles collected as a pale red solid (65 mg, 65% yield).

NMR (300 MHz, CDCI3. 6) 7.08 (PS Ai-H). 6.58 (PS Ar-//). 2.78 (CH2-CH2), 1.86 (PS

CH). 1.44 (PS CH2).

3.7.12 General Procedure for the Chemical Degradation Studies

The desired CdSe-poIymer material (10 mg) was dissolved in chloroform (2

mL) followed by the addition of 1-octadecene (2.5 mL). The solution was transferred to

a cu\'ette equipped with cap and stir bai* and allowed to stir for 5 minutes. A solution of

4-dimethylaminopyridine (0.5 mL. 60 mg/mL) was added and the fluorescence

spectrum (ex @ 450 nm) recorded immediately. The fluorescence intensit}' was

monitored over 240 minutes.
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CHAPTER 4

CADMIUM SELENIDE NANOPARTICLE-CON,JUGATED POLYMER

COMPOSITE MATERIALS

4.1 Rationale for CdSe-Conjugated Polymer Hybrid Materials

The dispersion of quantum dots in an electronically active matrix is expected to

offer improved energy transfer between the matrix and quantum dot, by eliminating the

inefficiencies of energy transfer associated with nanoparticle aggregation.'" This

chapter describes an approach taken to disperse CdSe nanoparticles in conjugated

polymers. The method used here involves the direct functionalization of quantum dots

with an electronically active ligand in a "graft-from" polymerization approach.

We chose initially to study poly(/7-phenylene vinylene) (PPV) in conjunction

with CdSe quantum dots. PPV is a conjugated polymer of interest for light emitting

applications, since it is prepared readily by a number of polymerization techniques and

exhibits an electroluminescence spectrum in the visible region of light.^"'*^ The

backbone can be modified with substitutents. such as phenyl, cyano. or alky 1 ethers to

change the band gap of the polymer." Generalh . electron donating groups reduce the

band gap. red-shifting the fluorescence, while electron w ithdrawing groups widen the

band gap. resulting in a photoluminescence blue shift." To pro\ ide PPV w ith better

solubilit}'. di-/7-oct\ 1 derivatives were prepared. Furthermore. CdSe nanoparticles

blended PPV represented a majorit} of the quantum dot-conjugated poh mer materials

under investigation by a number of research groups, as discussed in Chapter 1.'""'^
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4.2 Growth of CdSe Nanoparticles in an An l Bromide Functionalized Ligand

The mild Heck coupling conditions described by Fu and coworkers'^ appeared

attractive for use in conjunction with quantum dots. Palladium-catalyzed Heck

couplings proceed effectively for aryl bromides and vinyl aromatic derivatives to give

stilbene and substituted stillbenes. When applied to polymerization strategies, this

coupling method can be used to afford PPV.'°

Ar>'l bromide functionalized phosphine oxide 18 was prepared in 72 % overall

yield according to Scheme 14.''' Benzo l chloride 17 was prepared in 87 % yield from

4-bromobenz}i alcohol 16. Nucleophilic substitution of di-«-oct}'lphosphine oxide"*^ on

4-bromobenzyl chloride 17 afforded the desired phosphine oxide ligand 18 in 85 %

yield. Compound 18 was crystallized from hexanes and found to be 99.6% pure by

high performance liquid cliromatography in acetonitrile. The benz>i methylene group

was seen as a doublet at 6 3.05 ppm in the 'H NMR spectrum. High-resolution mass

spectrometry confirmed the expected molecular weight (calcd 443.2078. found

443.2080). 4-Bromobenzyl chloride was prefen-ed over 4-bromobenz}'l bromide for the

ligand synthesis since a large percentage of P-alkylation was observed during the

nucleophilic substitution reaction with 4-bromobenz>'l bromide.

Di-n-octylphosphine oxide

16 17 18

(87 %) (83 %)

Scheme 14. Synthesis of ar>i bromide phosphine oxide 18 from 4-bromobenz\1

alcohol 16.
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In experiments performed with Habib Sicaff, ligand 18 was found to exliibit

excellent thermal stability, a necessary property for application of new ligands to

quantum dot syntheses performed at high temperatures. When compound 18 was used

in place ofTOPO (Scheme 15) in standard quantum dot synthesis."' aryl bromide

functionalized. spherical CdSe nanocrystals 19 were obtained. Quantum dots prepared

in ar>'l bromide hgand 18 were found to exhibit optical (UVA^is and fluorescence)

properties essentially identical to the traditional preparation in TOPO.

19

Scheme 15. The growth of ar> i bromide functionalized CdSe quantum dots 19 in

functional ligand 18.

Figure 28A shows a transmission electron microscopy (TEM) image of a

t\pical sample of 18-covered quantum dots. In addition, high-resolution TEM (Figure

28B) shows lattice planes, and electron diffraction reveals the crystalline nature of these

materials (Figure 28B inset). UV-Vis and photoluminescence spectrophotometer

confirmed the quantum confined nature of the particles and a chloroform solution

quantum yield of 65% (Figure 29).""
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A) B)

Figure 28. Transmission electron micrographs at A) 66,000 magnification and B)

600,000 magnification of functionalized CdSe nanoparticles 19. The electron

diffraction pattern for these quantum dots is shown as the inset of panel B.

375 475 575

Wavelength (nm)

Figure 29. Solution state fluorescence spectrum (red cur\'e) and UV-Vis

absorption spectrum (blue cun e) for an 1 bromide functionalized quantum dots

19.
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The aryl bromide ligand coverage was confirmed by H NMR spectroscopy, as

all resonances from 18 were present in the spectrum of 19. ''P NMR showed two

resonances with a signal at 6 48.71 ppm corresponding to phosphorus of the functional

ligand, while the phosphorus from TOPO (the oxidation product of TOP) appeared as a

singlet at 6 46.08 ppm. Further analysis of the 'H and ''P NMR spectra for the an*!

bromide functionalized CdSe 19 revealed the relative amounts of the ligands on the

nanoparticle suface. Quantitiative ^'P NMR revealed that near equal amounts of aryl

bromide 18 and TOPO were present. Using this information during the assignment of

the 'H NMR spectrum and integrations, it can be calculated that the aryl bromide

phosphine oxide ligand 18 comprises - 33% of the ligands on the quantum dot surface,

with - 33% tri-w-octyl phosphine oxide and - 33% hexadecylamine accounting for

other surface ligands. This synthesis represented the first direct preparation of quantum

dots containing functionalized ligands. where the functionality is obtained without the

need for ligand exchange chemistry. Eliminating the ligand exchange step was found to

be beneficial in the preparation of CdSe-PPV hybrid materials, in which surface

oxidation that often accompanies ligand exchange would significant!)' hinder energy

transfer events, and diminish photoluminescence quantum yield. For example. CdSe-

PPV composite materials prepared with functional CdSe 19 obtained by ligand

exchange of ligand 18 on TOPO CdSe exhibited properties similar to blended materials,

rather than the unique properties discussed later in this chapter.
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4.3 Monomer Synthesis for Heck Coupling Polymerizations from Arji Bromide

Functionalized CdSe Nanoparticles

4.3.1 Dibromo and Divinylbenzene Derivatives for the A2 + B2 Polymerization of

Poly(p-phenylene vinylene)

Initial graft-from polymerization to prepared quantum dot-PPV composites,

performed together with Habib Skaff. involved A2 + B2 Heck coupling of

divin\'lbenzene and dibromobenzene derivatives to with ar}i bromide-covered quantum

dots. 1.4-Divinyl-2.5-di-;7-oct}ibenzene 23 was prepared according to Scheme 16. A

Kumada coupling'^ of ;7-oct>i magnesium bromide with p-dichlorobenzene 20 gave p-

di-;7-oct\ibenzene 21 in 85 % yield. Stirring compound 21 with bromine in the

presence of catalytic iodine, with the exclusion of light, gave l,4-dibromo-2,5-di-;7-

oct\ibenzene 22. an A2 monomer, in 92 % yield following purification by

crystallization from ethanol."^ Dibromide 22 was utilized in a Stille coupling"^ with tri-

/7-but}'l vinyl tin to give the B2 monomer, L4-divinyl-2,5-di-«-oct\ibenzene 23, in 95 %

yield after column chromatography on silica gel. The purity and identity of 23 was

verified by NMR spectrometry, as the characteristic vinylic resonances were found

at 8 6.94. 5.64 and 5.25 ppm, and a singlet representing the two identical ar}'l protons

was found at 6 7.24 ppm. shifted downfield slightly from 6 7.35 ppm in dibromide 22.

Ether 2\ >

II

Br'

CI CgHir

20 21

(B5%)

Dioxane

fy n-Bu

22

n-Bu-Sn^

23

(92%) (95 %)

Scheme 16. Synthesis of A2 monomer l,4-dibromo-2,5-di-«-oct>'lbenzene 22 and B2

monomer l,4-divinvI-2,5-di-//-oct\ibenzene 23.
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4.3.2 V inyl Bromide Derivatives for the AB Polymerization of PoIy(/>phenylene

vinylene)

The preparation of vinyl bromide derivatives for use as AB monomers, as shown

in Scheme 17. represents an important improvement over the original synthesis of the

PPV-quantum dot composite materials. The use ofAB monomers eliminates the

dependence on the demand for precise stoichiometric balance inherent in A2-^B2 step

growth polymerization."" Due to the small size scale of typical polymerizations (25-100

milligram quantities of monomer), and the difficult}' associated with quantifying the

number of ar\i bromide equivalents on the quantum dot surface, it is advantageous to

eliminate this need for stoichiometric balance.

Mg
CsH„Br 1) n-BuLi PPhXHjBr

CI NiCl2(clppp)2 CgHi7 ='^2 CgH^j jHF CeHi7 „.gj^,. C8H17

(> — 0 ^^^^ —
CI CsH,/ CgHiy DMF CqH^j CqH.j

20 21 22 -^^^ 24 25

(85%) (92%) (84%) (80%)

Scheme 17. Synthesis of AB monomer 4-bromo-2,5-di-/7-oct> lst\ rene 25 for the

polymerization of PPV.

The synthesis of AB monomer 25 began with lithium-halogen exchange on 1 .4-

dibromo-2.5-dioct>ibeiizene 22 to give the mono-lithiated intermediate, as shown in

Scheme 17."*' This mono-lithium salt was quenched with dimethylformamide to gi\ e 4-

bromobenzaldehyde 24 in 84 % yield following crystallization from ethanol to remo^e

any dialdehyde or diaryl methanol side products. Wittig chemistr}' using 24 \\ ith

meth}i triphenylphosphonium bromide gave l-bromo-2.5-di-;7-oct> l-4-\in\ibenzne 25

in 80 % yield following crystallization from methanol. AB monomer 25 was

characterized by 'H NMR spectroscopy.', wliich showed an aryl proton resonance at b
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7.30 and vinyl proton resonances at 6 6.88. 5.63. and 5.29 ppm. High-resolution mass

spectrometr}' (calcd. 406.2235 g/mol, found 406.2201) verified the expected molecular

weight of the product. Control polymerizations of monomer 25, in the absence of

quantum dots, were perfonned to give 30,000 g/mol poly(phenylene vinylene). These

control polymerization were performed with 0.5 % PdfOAc): catalyst in DMF at 150 °C

for 24 h. This high degree of polymerization (DP ~ 90) confirms the high purity of the

18.27
monomers.

Bunz and coworkers have applied a similar synthetic approach in the synthesis

of 4-propynyl styrene derivatives' (Scheme 18A) for the preparation of

poly(phenyleneethynylene-<r///-phenylenevinylene). Others have utilized a Heck

coupling between dibromobenzene derivatives and ethylene to afford di- substituted 4-

bromostyrenes^^ (Scheme 18B), while Lahti and coworkers have employed multiple

chemoselective steps'^ in the synthesis of mono-substituted 4-bromostyrene derivatives,

as illustrated in Scheme 18C. Our preparation ofmonomer 3 represents a novel

approach for the preparation of substituted aromatic vinyl bromides in four steps from

commercially available material in 22 and 53% overall yield. The synthetic scheme

presented here was readily scaled to more than 10 grams of monomer, yet still

maintained the high purit\' required for condensation polymerization without the need

for colunm chromatography.
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A)

Brizius. G.; Pschirer, N. G.; Steffen, W,, Stitzer, K.; zur Loye, H, C. Bunz. U. H. F. J, Am. Chem. Soc. 2000, 722.

12435-12440.

(92 %) (99 %) (73 %)

Pasco, S. T.; Lahti, P. M.; Karasz, F. E. Macromolecules 1999, 32. 6933-6937.

Scheme 18. Previous synthetic routes for the preparation of substituted 4-

bromost> rene derivatives.

4.3.3 Vinyl-Bromide Derivatives for the Preparation of Poly(ar> lene vinylene)s

The synthesis in Scheme 17 was readih adaptable to other AB monomers, such

as l-bromo-2.5-bis-octylox> -4-vin\ Ibenzene 30. shown in Scheme 19. 1.4-Bis-;?-

oct\'loxybenzene 27 was prepared b>' Williamson ether synthesis of h\ droquinone 26

and /?-octylbromide in 60 % yield following recrN Stallization from ethanol.
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Bromination of 27 was achieved in 66 % yield to give 1.4-dibromo-2.5-bis-oct>ioxy-

benzene 28, which was then converted to 4-bromo-2,5-bis-octyloxy-benzaldehyde 29.

This hthiiim-halogen exchange reaction and subsequent quenching with DMF

proceeded as above, to give 29 in 79 % yield following crystallization from methanol.

Again, a Wittig reaction of 29 with methyl triphenylphosphonium bromide afforded 1-

bromo-2,5-bis-oct>4oxy-4-vinylbenzene 30 in 57 % yield, with an overall yield of 22 %.

NMR spectroscopy of monomer 30 showed vinylic resonances at 6 6.97, 5.72 and

5.27 ppm, and aryl resonances at 6 7.04 and 7.01 ppm. A high-resolution mass

spectrometr}' signal at 438.2170 m/z confiiTned the expected molecular weight of

438.2 1 33 m/z for monomer 30.

CaHnBr CsHi? Br, CeHi/
1) n-BuLi CgH„ CgHiy

OH KCO3 ? i .
^"'^ ?

PPh,CH,Br 0

c> O ^ .A ^ A°^
OH 9 ? DMF 9 9

C8H17 CgHi7 -60 C CgHfj C8H17

26 27 28 29 30

(60 %) (66 %) (79 %) (71 %)

Scheme 19. Synthesis ofAB monomer 4-bromo-2,5-bis-oct\ioxyst>Tene 30 for the

polymerization of oxyPPV.

This approach can also be extended to carbazole derivatives, illustrated in

Scheme 20. Polymers containing these groups typically exhibit excellent hole-transport

properties and possess fluorescence emission spectra in the blue region oflight.^""^ It

was initially hypothesized that these two characteristics would lead to more efficient

energy transfer from the polymer to the quantum dot due to excellent overlap of the

polymer emission with the absorbtion of the CdSe nanoparticle for Forster energy

transfer and the ability of the carbazole to transfer holes away from the CdSe surface.

Alky'lation of 3.6-dibromocarbazole 31 with dodecyl bromide gave N-dodecyl-3.6-
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dibromocarbazole 32 in 87 % yield. Carbazoie 32 was stirred with w-butyl lithium at -

78 °C (dry ice/acetone bath), then quenched with DMF to yield N-dodec\i-3-bromo-6-

carbaldehydecarbazole 33. In contrast to the benzene derivatives, characterization of

the crude product by thin layer chromatography (TLC) and 'H NMR spectroscopy

revealed a small amount of starting material and dialdehyde carbazoie. Compound 33

was isolated in 76 % yield following purification by column chromatography on silica

gel followed by cry stallization from methanol. The conversion of 33 to the N-dodecyl-

3-bromo-6-vinylcarbazole 34 was accomplished under standard Wittig conditions in 80

% yield. The reaction was monitored by TLC. and the product purified by

crystallization from ethanol. Overall the synthesis of AB vinyl bromides by this

method proved rapid and effective, and may be adaptable to a variet\' of other

derivatives.

NaH 1) n-BuLi PPhjCH^Br
THF Q H

. KA-n 2; THF Br

32 -78 C
(87%)

Scheme 20. Synthesis of AB monomer N-dodecyl-3-bromo-6-vinylcarbazole 34 for

the polymerization of PKV.

4.4 Heck Coupling Polymerizations from Aryl Bromide Functionalized CdSe

Nanoparticles

PPV-quantum dot composites were synthesized under palladium-catah'zed Heck

coupling conditions in the presence of aryl bromide covered quantum dots 19. A

tetrahydrofuran solution of 19 was stirred at 50 °C for 24 hours in the presence of 1.4-

di-«-octy1-2,5-divinylbenzene 22 and 1.4-dibromo-2,5-di-;?-oct>ibenzene 23, as w ell as
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tris{dibenz} lideneacetone)dipalladium (Pd2(dba),0. tri-/-butylphosphine. and N-

methyldicyclohexylamine according to Scheme 21. The CdSe-PPV hybrid 35 was

isolated by precipitation into methanol, which removed the Pd catalyst, base, and short

chain oligomers of PPV. The quantum dot-PPV composite could be redissolved in

many common organic solvents due to the solubilization provided by the alkyl chains

on the PPV backbone.

35

Scheme 21. The A2+B2 condensation polymerization of 22 and 23 from functional

CdSe 19 for the preparation of CdSe-PPV 35.

Evidence of successful polymerization was shown b\' NMR spectroscopy of

35 where singlet resonances at 6 7.33 and 7.23 ppm were obser\ ed. corresponding to

aromatic and vinylic resonances in the PPV backbone. The expected outcome of this

poh condensation is a mixture of PPV connected to the quantum dots, and "free'" or

unconnected PPV that helps provide a matrix for the quantum dot-PPV material.

Matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) mass

spectrometr)' gave molecular masses corresponding to PPV oligomers with and without

phosphine oxide end groups. Importantly, quantum dot degradation was not observed

97



by UVA^is, fluorescence, or TEM. Optical and morphological characterization of these

materials is discussed later in the chapter.

WTiile this method proved effective for the preparation of CdSe-PPV hybrid

material 35. improvement was desired in ternis ofPPV molecular weight control and

reduction or elimination of palladium black impurities generated during the composite

synthesis. Only lower oligomers were obtained in the A2+B2 polymeriation, and the use

of higher amounts of catalyst (greater than 2 mg catalyst per 10 mg CdSe). designed to

increase the degree of polymerization, proved ineffective. The higher catalyst loading

resulted in nanoparticle degradation, as evidenced by the disappearance of the band-

edge adsoiption peak in the UV-Vis spectrum. Thus. AB monomer 25 was chosen to

eliminate the stoichiometric dependence on molecular weight inherent in A:-B2

condensation polymerizations.

Improved conditions were also needed to suppress palladium black formation

during the grafting-from polymerization reaction (Figure 30).^^"''* The formation of

palladium black is characterized by the appearance of a red-black color in solution and

the appearance of a broad absorption spectrum with a peak around 450 nm. Tills

impurity can be removed by centrifugation. but suppressing its formation is far more

desirable.
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Figure 30. A photograph illustrating successful preparation of 35 (vials 4-6) and a

polymerization that resulted in a large amount of palladium black (vial 2). Vial 1

represents the CdSe starting material 19.

For the optimization experiments described below, conjugated polymers were

grafted from ar}i bromide functional CdSe nanoparticles according to Scheme 22.

Monomer 25. N-methyldicyclohexylamine, aryl bromide CdSe nanoparticles 19,

palladium catalyst, and solvent were added to a heaw-walled reaction tube, equipped

with a stir bar and Teflon valve, in a nitrogen atmosphere dr} -box. The solutions were

then stirred at room temperature to 120 °C for 12 to 48 h. Centrifugation of the cooled

reaction solutions for 30 minutes at 3000 rpm removed insoluble material (e.g.

palladium black or precipitated CdSe). The clear, red solutions were decanted and the

composite material was precipitated with anhydrous methanol. The cloud}' solutions

were centrifuged for ca. 5 minutes then the light yellow supernatant decanted and the

red precipitate was immediately redispersed in dry THF. Care must be taken to perfomi

the precipitation as quickly as possible since the diminishment of the quantum dot's

optical properties has been observed when the precipitated composites are stored an

unnecessarily long time in the methanol solution. The CdSe-PPV composhe in the

precipitate was dissolved in THF for storage as a solution.
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25
C,M,

8"17

THF

Pd(PPh

MeCy^N 1

19

C»H,.

35

Scheme 22. The AB condensation polymerization of 25 from functional CdSe 19

for the preparation of CdSe-PPV 35.

The choice of palladium catalyst proved to be critically important to the success

of these Heck-coupling polymerizations from ar}i bromide-covered CdSe quantum dots

19."'^ A balance must be found between the need for the higlilv' active catalyst necessar\'

to achieve the high monomer conversion required for an appreciable degree of

polymerization without affecting the CdSe surface. It is spectulated that the palladium

catalyst could compete with the nanopailicle for its phosphine oxide ligands, resulting

in vacant cadmium atoms on the CdSe surface and subsequent oxidation. Our initial

studies used a teclinique described by Fu and coworkers.' involving the in situ

formation of bis(tri-r-butylphosphine)palladiimi (0) from tris(dibenzylidene

acetone)dipalladium (II) and tri-r-butylphosphine. Optimization of the palladium

catalyst explored the use of \ arious ligands to facilitate the in situ formation of the Pd

(0) active catalyst. No significant improxement in terms of nanoparticle stabilit) during

polymerization, as judged by a reduction or elimination of the quantum dot's band edge
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absorption blue shift relative to the native ar}i bromide CdSe, or an increase in PPV

molecular weight was obser\'ed following the use of triphenylphosphine, tri-o-

tolylphospine, bis(diphenylphosphino) ethane (DPPE). or bis(diphenylphosphino)

propane (DPPP)) with Pdzdbas.

The preparation of CdSe-PPV composites was found to work better using

tetrakis(triphenylphosphino)palladium (Pd(PPh3)4) as the source of Pd(0). The use of a

preformed Pd(0) catalyst eliminates the side reactions associated with reduction of

Pd(II) to Pd(0).^^-^' Conditions were optimized through a series of trial-and-error

experiments to finally settle on the use of 2 mg (Pd(PPh3)4) per 10 mg of aryl bromide

functionalized CdSe nanoparticles. This gave composites with higher degrees of

polymerization without the formation of palladium black. Higher catalyst loadings

resulted in a change of the bright red reaction solution to a dark red/black color and the

appearance of a broad signal (400 - 900 nm) in the UV-Vis spectrum, indicating

palladium black. Again, the introduction of additional phospliine ligands (e.g. PPhs or

DPPE) served only to limit the molecular weight of the PPV grafted from the surface.

The success of Pd(PPh3)4as the catalyst for these graft-from polymerizations left

only optimization of reaction conditions such as temperature, solvent, and time. Higher

reaction temperatures (e.g. 90 °C instead of 45 °C) resulted in higher degrees of

polymerization. Higher DP is indicated by the red shift of the solution state

fluorescence peak maxima from ~ 360 nm (PPV tetramer on average) for

polymerizations at 45 °C to - 390 nm (PPV hexamer on average) for polymerizations at

90 °C. Moreover, the presence of higher oligomers in the composite is confirmed in the
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MALDI-TOF spectrum, as oligomers from dimers to nonamers were detected, with

hexamers representing the most probable oHgomer. as shown in Figure 31.

200

Figure 31. MALDI mass spectrum of PPV oligomers grafted from CdSe using

optimized polymerization conditions. (1097, dimer; 1422, trimer; 1748, tetramer;

2076, pentamer; 2402, hexamer; 2730, heptamers; 3058, octamer; 3386, nonamer.)

Unfortunately, nanoparticle degradation was observed at temperatures above 90

°C. accompanied by the production of palladium black. The use of polar solvents such

as DMF or dioxane. known to give faster reaction rates in Heck couplings.""* resulted in

either degradation of the quantum dot or an increase in palladium black formation. The

use of less polar solvents, such as toluene or xylenes, was not effecti\"e in preparing the

CdSe composite materials due to the formation of large amounts of palladium black, a

the consequence of the lack of stabilization of the reacti\ e intermediate \\ ithin the

catalytic cycle that is associated with polar solvents. Therefore, THE remained the
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solvent of choice and is ciirrenth' the only solvent known to be useable for the

preparation of the CdSe-conjugated polymer composite materials by the graft-from

method. Samples can be successfully stored in a nitrogen-purged THF solution in the

dark with little or no degradation of optical properties for approximately two months.

For comparison, identical storage conditions in toluene afford stable solutions for 1-2

weeks, while storage in chloroform leads to precipitation within a few days.

Optimization of conditions for growth of monomer 25 from quantum dots led to

efforts to extend the technique to other monomers to give composites 36 (CdSe-

oxyPPV) and 37 (CdSe-PKV), as shown in Scheme 23. Typical preparations of these

composites were conducted on THE solutions of -150 mg of monomer 30 or 34, 10 mg

phenyl bromide-functionalized CdSe nanoparticles. 2 mg Pd(PPh3)4, 100 mg N-

methyldicyclohexylamine, stirred in a sealed vial under N2(gi for 16 h, and purified as

described above for PPV-CdSe composite 35. Typical NMR spectra of CdSe-

oxyPPV 36 composites in CDCI3 showed signals at 6 7.52 - 7.47 ppm and 6 7.17 ppm,

corresponding to the aryl and vinyl protons, respectively. End-group analysis,

performed by integrating backbone aromatic protons against alkyl protons (alkyl side

chain and alkyl phosphine oxide), revealed an average degree of polymerization of ~4.

In CdSe-PKV composite 37, a broad signal in the NMR spectrum extending from 6

8.5-6.5 ppm of confirmed the presence of poly(carbazole \'inylene). and end-group

anah sis (backbone aromatic protons against alkyl protons) also re\'ealed a degree of

polymerization of ~4. The characterization of these materials will be discussed later in

the text.
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Scheme 23, The AB condensation polymerization of 30 from functional CdSe 19

for the preparation of CdSe-oxyPPV 36 and the polymerization of 34 for the

preparation of CdSe-PKV 37.

4.5 Characterization of Cadmium Selenide-Conjugated Polymer Composites

4.5.1 Transmission Electron Microscopy of Composite and Blended Materials

Examples of aggregation common in nanoparticle blends are illustrated in

Figure 32A and Figure 32B. These TEM images ai^e representative of 5 \\t % ar>i

bromide functionalized CdSe 19 or pyridine-functionalized CdSe 4 blended \\ ith

oligomeric PPV (oligoPPV) prepai-ed nith monomers 22 and 23 with a DP - 4. In both

cases, nanoparticle aggregation dominates the composite morphologx . The TEM image

of CdSe-PPV hybrid 35 (Figure 32c) reveals a drasticalh' different morpholog\ . as tlie
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quantum dots are well-dispersed throughout the film. Composite 36 (Figure 32d)

shows excellent dispersion in the substituted PPV matrix. TEM images of composite

CdSe-PKV 37 (Figure 32e) show some clustering of particles, yet this clustering is

rather minor relati\'e to the gross aggregation found in blended samples. The dispersion

that results from the graft-from technique is a consequence of the ligand terminated

PPV attached to the nanoparticle.

A) B)

Figure 32. Transmission electron micrographs at 66,000 magnification of A)

CdSe-DOPO-Br 19 blended with oligoPPV, B) pyridine covered CdSe 4 blended

with OligoPPV, C) CdSe-PPV hybrid material 35, D) CdSe-oxyPPV 36, and E)

CdSe-PKV 37.
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4.5.2 Solution and Solid State Fluorescence Spectroscopy of Composite and

Blended Materials

In the solid-state photoluminescence spectra of the CdSe nanoparticles blended

with oligoPPV. high loadings of quantum dots are required to observ e their solid-state

fluorescence emission. This is illustrated in Figure 33 for blends that utilize 10, 30, and

50 vvl. % quantum dots in oligoPPV. In these blends, emission from oligoPPV

dominates the photoluminescence spectrum, even at 50 wt %. Nanoparticle aggregation

limits interfacial contact between polymer and quantum dots, and thereby precludes

efficient energy transfer pathways. Moreover, this nanoparticle aggregation also leads

to self-quenching of nanoparticle fluorescence. Another comparison of the CdSe

nanoparticle-oligoPPV blend is shown in Figure 34A, where solution and solid-state

photoluminescence of 5 wt % aiyl bromide functionalized CdSe nanoparticles 19

blended with PPV are depicted. Again, both spectra are dominated b\ emission from

PPV.

375 475 575

Wavelength (nm)

Figure 33. Solid state fluorescence emission spectra for blends of PP\ ^vith

var> ing percentages of CdSe-DOPO-Br 19.
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Figure 34. Solution (red curve) and solid-state (blue curve) fluorescence emission

spectra for a) CdSe 19 blended with PPV and b) CdSe-PPV hybrid material 35

prepared with the A2+B2 approach.

In contrast to the oligoPPV-quantum dot blends, CdSe-PPV composite 35 was

found to possess very different solid-state fluorescence spectra, as illustrated in Figure

34B. In dilute solution, PPV oligomers dominate the photoluminescence emission

profile, and only a small fluorescence contribution from the quantum dots is seen.

Conversely, in the solid-state, the photoluminescence emission spectrum is dominated

by the quantum dots, with an almost complete quenching of PPV. Loss of PPV

fluorescence in the solid-state, and emergence of a strong quantum dot emission, is

observed e\'en in cases of very low quantum dot loading (2-5 \M. %). This stands in

contrast to the high weight loadings (50% or greater) t>'pically used in quantum dot-

conducting polymer composites. While the quantum yield of PPV is expected to

diminish b\- self-quenching mechanisms in going from solution to the solid state, this

alone does not explain the spectra of Figure 34B. However, this observation can be

rationalized by the increased contact between PPV and quantum dots in the solid state

relative to the more extended conformation of PPV around the dots in solution.
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Photoluminescence emission from the quamum dots in the solid state is most

pronounced in the composite materials. It is important to note that composite materials

prepared by the ligand exchange reaction shown in Scheme 24 were significantly

different materials than those prepared by the "graft-from" method. Wliile the products

are expected to be very similar in chemical composition, the method of preparation has

a profound impact upon the properties. These "graft-to" composites exhibited

fluorescence profiles identical to blended materials and irreversible sedimentation of the

nanoparticles was observed after 24-48 hours.

Cf.H,7

CdSe-PPV
Composite

Scheme 24. Preparation of CdSe-PPV composite materials through ligand

exchange chemistry

.

A substantial increase in the CdSe fluorescence emission relative to the emission

from PPV was observed following the use of optimized reaction conditions (Figure 35).

The optimized polymerization conditions yield an increase the length of the PPV

grafted from the nanoparticles. as shown by MALDI mass spectrometry of CdSe-PPV

prepared using optimized conditions (Figure 31) and a red shift in the solution state

fluorescence peak maxima to 393 nni (from the previous value of 340 nm). An

explanation for these resuhs can be found in the anah sis of the energy le\ els for each of

the separate components, illustrated in Figure 36. It is important to note that Figure 36

represents an idealized case w here discrete lines are draw n to represent a mixture of
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polymer molecular weights and quantum dot sizes, corresponding to a range of band

gaps. The ionization potential (IP) and electron affinity (EA) values are reported for

fully conjugated polymers: therefore, a symmetric decrease in IP and increase in EA

would be expected for oligomers that have not reached full conjugation.'' However, the

band gap nears convergence with a fully conjugated polymer when poly(ar>'lene

vinylene)s reach a DP=5.^^"' thus the values presented in Figure 36 offer a fair

representation of the polymers that have been prepared. In the case of CdSe-PPV 35,

the ionization potential of the PPV (5.0 eV)^^ is above that of the CdSe core (5.25 eV),^^

facilitating energy transfer from the PPV to the CdSe. This analysis explains the

enhancement of the CdSe emission relative to PPV emission in the solid state for

composites composed of higher molecular weight PPV. The lower oligomers of PPV

(e.g. trimers) have a larger band gap (Eg - 2.8)""' and lower ionization potential (IP -

5.15) than hexameric PPV. resulting in a less efficient energy transfer from the PPV to

the CdSe.

350 400 450 500 550 600

Wavelength (nm)

Figure 35. Solution (red curv e) and solid-state (blue cur\ e) fluorescence emission

spectra for CdSe-PP\' hybrid material 35 prepared with optimized conditions and

an AB monomer
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Figure 36. Energ\' levels for CdSe nanoparticles and the conjugated polymers

grafted from the CdSe surface. All values were obtained from previous

literature.
32.38.39.41

Interesting comparisons are observed among the solid-state photoluminescence

emission spectra of CdSe-PPV 35. CdSe-oxyPPV 36. and CdSe-PKV 37. In contrast to

CdSe-PPV 35. the solid state photoluminescence emission spectrum of CdSe-ox\ PPV

(Figure 3 7A) exhibits fluorescence primarily from the conjugated polymer, along with

the presence of a lower intensit}' signal coiTesponding to photolmninescence emission

from the CdSe nanoparticles. This effect is more pronounced in CdSe-PKV. where

emission from CdSe camiot be distinguished, as the spectrum is dominated by emission

from the conjugated polymer (Figure 37B). Wliile similar results ai'e common for

blended materials, the domination of the solid-state fluorescence spectra b\' the

conjugated polymer was not expected for these composite materials. For CdSe-

oxyPPV composhe 36. the IP of the ox> PPV (5.2 eV)"^' lies onh slighth abo\ e that of

the CdSe (5.25 eV). While this difference represents a theoreticall)" favorable energ\
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transfer, small deviations (e.g. the effect of changing quantum dot size or polymer

molecular weight) would result in energ\' transfer from the polymer to the quantum dot

to become unfavorable. This serves as an explanation for Figure 37A. where emission

from both the quantum dot core and conjugated polymer are clearly present. Another

case is present when the energy levels for CdSe-PKV 37 are examined. The IP of PKV

(5.3 eV)^' is lower than the binding energy of CdSe (5.25 eV), representing a case

where energy transfer from the conjugated polymer to the quantum dot is not favorable.

Based upon this diagram and the solid-state photoluminescence spectra, the difference

in IP must be sufficient for energy transfer in the case of CdSe-PPV 35, while the small

difference in IP leads to limited energ>' transfer events for CdSe-oxyPPV 36. From the

negligible CdSe emission from CdSe-PKV 37 and the lower IP of the conjugated

polymer, energy transfer from the polymer to the particle is unfavorable.

A) B)

350 450 550 350 450 550 650 750

Wavelength (nm) Wavelength (nm)

Figure 37. Solution (red curve) and solid-state (blue cur\ e) fluorescence emission

spectra for A) CdSe-oxyPPV 36 and B) CdSe-PKV 37.
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4.5.3 Time-Resolved Solid-State Fluorescence Spectroscopy of CdSe-

Conjugated Polymer Composites

Additional experimental evidence for the energy transfer events described above

is shown in solid-state fluorescence spectra and time-resolved fluorescence spectra

collected at Eastman Kodak Inc. (Rochester, NY) with Dr. Steve Switalski. The

fluorescence emission from films of CdSe-PPV 35 and CdSe-oxyPPV 36 drop cast from

chloroform solutions were examined as a function of time. The first set of experiments

monitored the emission as the film was allowed to dry over 60 minutes, while the

second experiment observed the fluorescence emission on the nanosecond time scale.

These experiments were also valuable, as they offer corroborating evidence that the

observation made in the Emiick lab were not the result of an instmmental artifact.

For the experiment illustrated in Figure 38, a CdSe-PPV solution was drop cast

onto a quartz slide and allowed to dry until a visibly damp fikn was observed. The film

was placed in the spectrometer and the time evolution of the fluorescence emission was

monitored. The fluorescence spectrum at collected at time T=0 is dominated b\ the

CdSe emission, with a weak fluorescence from PPV. features to pically observed for

these samples. As time progressed, an increase in the CdSe emission and concurrent

decrease in the PPV emission was observed. This experiment was repeated with similar

results acquired for each trial. A possible explanation for the increase in CdSe emission

is the gradual removal of the solvent, which is functioning as a photoluminescence

quenching agent. However, if this were the case, a similar increase in the

photoluminescence intensity would be expected for the PPV. The quenching of the

PPV emission with an increase in the CdSe fluorescence intensity as the film is allowed
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to dry suggests that the solvent may be inhibiting energy transfer events from the PPV

to the CdSe nanoparticle.

200000

350 400 450 500 550 600

Wavelength (nm)

Figure 38. Solid state fluorescence emission spectra of CdSe-PPV 35 over a period

of 30 minutes. Spectrum 1 was acquired at time = 0 minutes; spectrum 2, 5

minutes; spectrum 3, 15 minutes; spectrum 4, 30 minutes. (Data acquired at

Eastman Kodak Company, Rochester, NY.)

A second set of experiments that monitored the lifetime of the fluorescence

intensity on the nanosecond time scale was also performed at Kodak. Figure 39

illustrates time-resolved fluorescence spectra collected from drop cast films of CdSe-

PPV 35 and CdSe-oxyPPV 36. This data, plotted on a logaritlimic intensit}- scale,

compares the fluorescence lifetime emission from three separate wavelengths,

corresponding to emission from PPV (450 nm), the CdSe peak maximum (570 nm), and

the CdSe peak shoulder (600 rmi). In each sample, the CdSe lifetime is noticeably

longer than that of the PPV emission. Notabh'. the CdSe emission at 600 rmi is

decaying at a slower rate the emission at 570 rmi for both composite samples. This
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observation reinforces our previous claim that energy transfer is highly dependent upon

band gap structure, and energy transfer is more efficient for larger CdSe quantum dots.

10 10

Time (ns) Time (ns)

Figure 39. Time resolved fluorescence spectra from emissions at 450 nm (black

spectra), 570 nm (red spectra) and 600 nm (blue spectra) for A) CdSe-PPV 35 and

B) CdSe-oxyPPV 36. (Data acquired at Eastman Kodak Company, Rochester,

NY.)

Another such comparison can be made in Figure 40, where the deca\' rates for

PPV emission from both CdSe-PPV 35 and CdSe-ox> PPV 36 are compared on linear

intensity scale. As expected, the decay rates for both PPV derivatives are on similar

time scales. Figure 40b illustrates a completely different result, where the CdSe

fluorescence decay from CdSe-oxyPPV 36 is comparable to fluorescence lifetimes

t\'pically associated with CdSe quantum dots."^" However, the decay of the CdSe

nanoparticle fluorescence lifetime is much slower from the CdSe-PPV composite 35.

This decay was fitted to a multi-exponental function, strongly indicates the existence of

multiple energy ttansfer events. While more experimentation and modeling w ould be

necessary to reinforce these claims, at this stage it can be speculated that energ>- transfer

between the conjugated poh mer attached to the quantum dot as well as energ> transfer
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from a PPV chain (unbound to any nanoparticle) first to the PPV Hgand and then to the

quantum dot is responsible for the multi-exponential decay.

0 2 4 5 8 10 12 0 5 10
Time (ns) Time (ns)

Figure 40. Time resolved fluorescence spectra from CdSe-PPV 35 (red spectra)

and CdSe-oxyPPV 36 for emissions at A) 450 nm representing PPV emission and

B) 570 nm, representing emission from CdSe. (Data acquired at Eastman Kodak
Company, Rochester, NY.)

4.5.4 Single Molecule Fluorescence Spectroscopy of CdSe-PPV Hybrid Materials

Direct evidence for energy transfer was demonstrated through the use of single

molecule fluorescence spectroscopy performed in collaboration with Prof. Mike Barnes

in the Department of Chemistry at the University of Massachusetts. Amherst. In these

experiments, the "molecule"' of interest is a single quantum dot tailored with PPV

ligands. isolated from dilute solution (--10''*^' M) on clean glass cover slips using

techniques developed in the Barnes laboratory Initially, control experiments on

bulk films were performed, again verifying the data collected in the Emrick laboratory.

The top of Figure 41 represents the fluorescence spectra of oligoPPV and CdSe 19,

collected separately. The bottom of Figure 41 represents the bulk film of CdSe-PPV

composite 35 and 80 wt % CdSe 19 blended with oligoPPV. Figure 42 compares the

emission spectrum of a single CdSe-PPV nanostructure with the emission from single
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TOPO-covered quantum dot. A single symmetric peak represents the TOPO-covered

CdSe emission spectrum, while the CdSe-PPV spectrum shows a peak representing

CdSe nanoparticle emission and a blue shoulder. As in the case of the bulk materials,

no fluorescence emission associated with PPV was observed in the single molecule

fluorescence spectrum of the CdSe-PPV 35.

Solid state fluorescence

ppvr^ \ / \DOPO-Br

CdSe
blended

with PPV

500 550 600 650

Wavelength (nm)

Figure 41. Bulk fluorescence measurements recorded from thin films in the

Barnes laboratory'.

CdSe-PPV «V
I V DOPO-Br

600 650
—r—

-

600 560

Wavelength (nm)
Figure 42. Representative fluorescence emission spectra from single molecules of

CdSe-PPV 35 (black spectrum) and CdSe-DOPO-Br 19 (gray spectrum).

116



Interesting observations were made while monitoring the time evolution of

single molecule fluorescence spectrum of both CdSe-PPV 35 and TOPO-covered CdSe.

Figure 43 compares the emission spectra as a function of time (3 frames/second) for a

single TOPO-covered CdSe quantum dot and an individual CdSe-PPV nanostructure.

The TOPO-covered sample exhibits a progressive blue shift over time, associated with

photodegradation of the material. In contrast, the spectrum from CdSe-PPV showed

much greater spectral stability than TOPO-CdSe. as the emission from the quantum dot

was still present after 30 minutes for some particles. WTiile reports of energy transfer

within bulk blends of polyfluorene and TOPO-covered CdSe quantum dots have

indicated Forster radii on the order of 8-10 nm, the architecture of the CdSe-PPV

nanostructures leads to a Forster radius on the order of 1.5 nm, corresponding to energy

transfer rates nearly 1 00 times larger than those of bulk films."*^ The blue shoulder

observed in the single molecule fluorescence spectrum of composite 35 can be

understood qualitatively as quenching of the PPV emission by energy transfer to the

CdSe quantum dot. The blue shoulder on the CdSe composite spectrum is believed to

be a spectral remnant of the PPV emission that resides ver>' close to the CdSe emission,

where energy transfer is much less efficient. This shoulder is not observed in bulk films

due to the lai-ger number of nanoparticles that ai-e available to accept this energ\' transfer

event."^^
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Figure 42. Time evolution spectra of a) TOPO-covered CdSe and b) CdSe-PPV 35.

(Data collected by M. Odoi and N. Hammer.)

A second interesting observation from this time evolution experiment is the

elimination of characteristic CdSe blinking/^""^*^' Tlie TOPO-covered sample exhibits

the expected blinking behavior as evidenced in Figure 44A by the vertical gaps in

emission intensity. Fluorescence blinking is inherent to quantum-confmed CdSe

nanoparticles. and is undesirable in de\ ice applications as blinking leads to a lower

effective quantum yield since the nanoparticle is imable to fluoresce at all times. When

a photon excites a quantum dot that already possesses an exciton in the core, a second

electron-hole pair is fonned. The two excitons amiihilate one another with the ejection

of an electron and the formation of a hole on the particle surface. While the chai-ged

particle cannot emit light, it can still absorb radiation and is considered to be in a "daik"

state. Once the surface charge is quenched, the particle can once again emit light, and

the particle is returned to its "bright" state. The time required to quench the surface

charge is typically on the order of tenths of seconds to several seconds. Howe\ er. in the
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case CdSe-PPV. this blinking behavior is not obsened at 300 millisecond intervals as

shown Figure 44B. Time evolution experiments repeated with higher temporal

resolution showed that this blinking behavior was not evident, even at 10 millisecond

inter\'als. which are much shorter than the time scales typically associated with quantum

dot blinking. While fluctuations in intensity are observed, the intensity never drops to

zero, indicating that the quantum dots are always emitting some quantity of light during

each exposure frame. It is believed that the PPV ligands function are incredibly

effecient at quenching holes generated on the CdSe nanoparticle surface, returning the

CdSe nanoparticle to its bright state on time scale shorter than 1 0 milliseconds. The

reduction or elimination of quantum dot blinking may improve the external quantum

efficiency achieved in light emitting devices from hybrid materials of conjugated

polymers and quantum dots.

A) B)

0 200 400 600 800 q 2OO 400 600 800
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Figure 44. Time resolved fluorescence intensity of a) TOPO-covered CdSe and b)

CdSe-PPV 35. (Data collected by M. Odoi and N. Hammer.)
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4.6 Sunimarj

Aryl bromide covered CdSe nanoparticles were prepared directly in the

functional ligand, eliminating the need for ligand exchange chemistry'. An improved

synthetic strategy for three AB monomers was presented, and these monomers were

incorporated in graft-from Heck coupling polymerizations from the surface of the ar> l

bromide-functionalized CdSe nanoparticles. Heck conditions were found that

minimized the effect of the polymerization on the quantum dot, yet afforded the highest

molecular weight to be grown from the nanoparticle surface without the generation of

palladium black. The CdSe-PPV composite material was found to have a greatly

different solid-state emission spectrum when compared to blends of CdSe and

oligoPPV. The energy transfer events between the PPV chain and the CdSe core were

investigated by time-resolved fluorescence spectroscopy and single molecule

fluorescence spectroscopy.

4.7 Experimental Details

4.7.1 General Methods and Materials

Solvents were purchased from VWR and reagents were purchased from Aldrich

and used as supplied unless otherwise noted. Tetrahydrofuan was dried o\ er

sodium/benzophenone and distilled before use. All reactions were run under a X:

atmosphere unless otherwise noted. Nuclear magnetic resonance spectra w ere obtained

on a Briiker DPX 300 MHz or a Briiker 400 MHz Spectrospin spectrometer. Chemical

shifts are expressed in parts per million (6) using residual solvent protons as the internal

standard. CHCI3 (6 7.26 for 'H. 77.23 for '"O was used as an internal standard for
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CDCI;. Gel permeation chromatography (GPC) measurements were performed in

tetrahydrofuran (THF) at 1.0 mL/min using a Knauer K-501 Pump with a K-2301

refracti\'e index detector and K-2600 UV detector, and a column bank consisting of two

Polymer Labs PLGel Mixed D columns and one PLGel 50 A column (1.5 x 30 cm) at

35 °C. Molecular weights are reported relative to polystyrene standards. Matrix assisted

laser desorption ionization - time of flight (MALDI-TOF) mass spectrometry was

performed on a Bruker Reflex III spectrometer on the CdSe composite samples solution

cast from THF without the use of a matrix. High-resolution electron impact (EI) mass

spectrometr\' was performed on a JOEL MStation JMS700 spectrometer. Fluorescence

measurements were recorded on a Perkin-Elmer LS-55 fluorescence spectrophotometer

from CHCI3 solutions excited at 330, 370 and 400 nm excitation wavelengths with 7 nm

(emission and excitation) slit widths. Solid-state fluorescence samples were prepared

by drop casting from CHCI3 (- 5 mg/mL) solutions onto a glass cover slip. Solid-state

fluorescence spectra were acquired with a front-surface assembly with 10 nm excitation

slit widths and 1 5 nm emission slit widths. UV-Vis measurements were made on a

Perkin-Ehner Lambda 25 spectrophotometer. Fluorescence spectra were normalized to

the optical density at the excitation wavelength. Transmission electron microscopy and

electron diffraction were performed on a JEOL lOOCX microscope at 100.000

magnification (46 cm camera length). Single molecule fluorescence measurements

were performed under ambient conditions on a Nikon TE300 inverted microscope with

1.4NA oil objective. Spectra were acquired by focusing the CdSe-PPV emission ixom

the side-port of the microscope onto an Acton SP1220 dual-grating spectrograph and

detected with a Roper Scientific Pixis 400B back-illuminated CCD.
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4.7.2 Synthesis of 4-bronio-benzyl chloride 17

Br

CI

To a 500 mL. 2 neck round bottom flask equipped with a stir bar, septum,

addition funnel and N2 inlet was added 4-bromo-benz>'l alcohol 16 (50.0 267 mmol)

and dichloromethane (150 mL). The solution was cooled to 0 °C then thionyl chloride

(47.7 g. 400 mmol) in dichloromethane (50 mL) was added drop wise over 1 hour. The

solution was stirred at room temperature for 12 hours, followed by the drop wise

addition of saturated NaHCOs solution (200 mL). After complete addition, the solution

was poured into a beaker containing additional NaHCOs solution (400 mL) and stirred

rapidly for 2 hours. After extraction with dichloromethane (3 x 250 mL), the combined

organic layers were dried over MgS04, treated with carbon black, filtered over silica

gel. The solvent was evaporated yielding a colorless oil that crystallized at room

temperature under reduced pressure to give colorless crystals (54.5 g. 263 mmol. 98 %).

NMR (300 MHz. CDCI3) 7.48 (d. J///r= 8.4 Hz. Ar-//. 2 H). 7.27 (d. Jhh^ 8.5 Hz. .Ar-

H. 2 H). 4.54 (s. Ar-C//2-Cl. 2 H). '"C NMR (75 MHz. CDCI3. 6) 136.61. 132.06.

130.41. 122.62. 45.56.

4.7.3 Synthesis of/?-bromobenz> l-DOPO 18

Br

O



To a solution of di-;7-oct}iphosphine oxide (21.9 g, 80.0 mmol), 4-bromobenz}4

chloride 17 (18.5 g. 90.0 mmol). and tetra-/7-butyl ammonium hydrogen sulfate (2.9 g,

8.5 mmol) in toluene (330 mL) was added 30 \\t % aqueous NaOH solution (120 mL).

The reaction was stirred overnight at 65 °C. The product was extracted with CH2CI2,

and the organic portions were combined and washed with water and brine, dried over

MgS04. filtered, and concentrated to give a viscous liquid. The residue was cr>'stallized

from hexane to yield 1 as a white solid (24.7 g. 85%. mp 70-71 °C). 'H NMR (300

MHz, CDCis) 6 7.45 (d, Jhh= 8.2 Hz, Ar-H. 2 H), 7.13 (d-d, ]hh= 8.5, 6.4 Hz, Ar-H, 2

H). 3.05 (d. Jhh= 13.8 Hz. Ar-C//2-P. 2 H). 1.58 (m. P-C//2-CH2. 4 H), 1.32 (m, CH2,

24 H), 0.88 (t. ]hh= 7.1 Hz. C//3. 6 H) ppm. '^C NMR (75 MHz. CDCI3, 6) 132.08 (d),

131.68 (d). 131.32 (d). 121.07 (d). 35.90 (d). 31.95, 31.27 (d), 29.26, 29.20, 27.69 (d),

22.81. 21.83 (d). 14.28 ppm. HRMS-FAB (m/z): [M+H]^ calcd for C23H4iBrOP,

443.2078; found, 443.2080.

4.7.4 Synthesis ofAn l Bromide Functionalized CdSe nanoparticle 19

To a 3-neck. 50 mL round bottom flask equipped with reflux condenser, Ar

inlet, septum, and thermocouple probe was added ligand 18 (4.48 g). cadmium acetate

(0.21 g). 1-he.xadecylamine (2.78 g). and hexylphosphonic acid (0.45 g). The flask was

evacuated for 1 hour, then heated to 80 °C under vacuum. Once all the reactants formed

a homogeneous liquid, the flask was backfilled with Ar, and the reaction was heated to

270 °C until a homogeneous, colorless solution was present. A solution of selenium

(0.20 g) in tri-/7-octyl phosphine (4 g) was quickly injected to the hot solution. The

heating mantle was removed from the solution once an orange color was obtained



during the gradual color change from yellow to red. The solution was allowed to cool

to room temperature, followed by particle precipitation with 10 mL anh\ drous

methanol. The solution was centrifuged and the supernatant decanted. The resulting

solid was purified by dissolution in a minimal amount of THF precipitated into

methanol, followed by centrifugation. The red powder was dried under N: purge and

stored as a solution in THF or hexanes. 'H NMR (300 MHz. CDClO 7.46. 7.15. 3.05.

1.62. 1.57, 0.89.

4.7.5 Synthesis of/7-di-/i-oct} Ibenzene 21

To a 3-neck. 1 L round bottom flask equipped with reflux condenser. N: inlet,

addition funnel and stopper was added magnesium (12.42 g. 510 mmol) and dieth} 1

ether (200 mL). The stirred solution was cooled to 0 °C with an ice bath and oct\ 1

bromide (104.40 g. 541 mniol) in diethyl ether (200 mL) was slowly added via addition

funnel over 1 hour. The ice bath was removed and the solution heated to reflux for 3

hours. The solution was then cooled to 0 °C and diplienylphosphinopropane nickel

dichloride (0.13 g) and ;;-dichlorobenzene 20 (29.97 g. 204 mmol) in diethyl either (200

mL) was added over 1 hour. The stiiTed solution was heated to retlux for 20 hows,

cooled to 0 °C. then quenched with 2 N HCl (125 mL). The biphasic solution was

poured into water (200 mL) and extracted with ether (3 x 150 niL). The combined

organic layers were dried over MgS04. filtered and evaporated. The product was

purified by Kugelrohr distillation ( 1 torn 190 °C) to give a colorless liquid (53.6 g. 177
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mmol. 87 %) 'H NMR (300 MHz. CDCI3. 6) 7.08 (s, Ar-H, 4 H). 2.58 (t, .W7.3 Hz,

Ar-C//2, 4 H). 1.55 (m. Ar-CH.-C//:. 4 H). 1.29 (m, CH2, 24 H), 0.88 (t, Jhh= 6.7 Hz,

CM:,. 6 H). NMR (100 MHz. CDCI3. 6) 140.29, 128.44, 35.81, 32.14, 31.85, 29.74,

29.64. 29.51,22.91, 14.34.

4.7.6 Synthesis of l,4-dibromo-2,5-di-«-oct>'lbenzene 22

To a 100 niL round bottom flask equipped with a stir bar. septum and oil

bubbler was added /»-dioct\'lbenzene 21 (24.97 g, 82.6 mmol) and iodine (0.10 g, 0.4

mmol). The flask was wrapped with aluminum foil to exclude light and cooled to 0 °C.

Bromine (27.07 g, 169.4 mmol) was added drop wise over 10 minutes and gas evolution

was noted during the addition. The bubbler was removed after 2 hours and the reaction

stirred at room temperature for 20 hours. 20 % KOH^q) (50 mL) was added to the flask

and then heated until a homogeneous solution was present. The solution was cooled

and the solid material was collected by filtration. The product was obtained following

recrystallization of the solid material from ethanol. yielding colorless crystals (32.56 g,

71 mmol. 86 %). 'H NMR (300 MHz. CDCI3, 6) 7.35 (s, Ai-H, 2 H), 2.63 (t. J///^7.9

Hz. AY-CH2. 4 H). 1.57 (m. A1-CH2-CH2. 4 H). 1.28 (m. C//2, 24 H), 0.88 (t. JhiT 6.8

Hz. C//3. 6 H). '-'C NMR (100 MHz. CDCI3- 6) 141.54, 133.96, 123.27. 35.75, 32.10,

30.03. 29.60. 29.57. 29.45. 22.90. 14.34.



4.7.7 Synthesis of 1,4-divinyl -2,5-di-/i-oct>lbenzene 23

l,4-Dibromo-2,5-di-/7-octylbenzene 22 (2.0 g, 4.4 mmol). tetrakis(triphenyl

phosphine) palladium (0) (0.20 g. 0.17 mmol ). and a few cry stals of 2.6-di-/er/-but\'l-4-

methylphenol were dissolved in anhydrous dioxane (40 mL) and stirred at room

temperature under an inert atmosphere. Tri-«-butyl vinyl tin (3.1 g, 9.8 mmol) was

added to the stirring solution, and the reaction was refluxed for 12 hours. The product

was extracted with ether and washed with water, saturated ammonium chloride solution,

brine, and dried over MgS04. The solvent was removed under reduced pressure and the

crude product was purified by flash cliromatograph\' eluting with hexanes to \ ield the

desired compound (1 .34 g. 87%). 'H NMR (300 MHz, CDCI3, 6) 7.24 (s. Ar-H. 2 H).

6.94 (d-d. J////=17.4. 1 1.0 Hz. C//=CH2. 2 H), 5.64 (d-d. }hh- 17.4. 1.4 Hz. CH=Ci/2. 2

H). 5.25 (d-d. J////=11.0. 1.4 Hz. CH=C//2.2 H). 2.63 (t, J////=7.7 Hz. Ai-CHi. 2 H). 1.54

(quint. ]hh= 7.4 Hz. Ar-CH.-C//:. 4 H). 1.27 (m. C//:. 24 H). 0.88 (t.W 6.9 Hz. C//3,

6H). '-'CNMR(75MHz. CDCI3. 6) 138.22. 135.81. 134.62. 126.80, 114.85.33.32.

32.14. 31.56. 29.92. 29.71. 29.53. 22.92. 14.35.

4.7.8 Synthesis of 4-bromo-2,5-di-ii-octylbenzaldehyde 24

CsHiy
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To a 500 mL. 2 neck round bottom flask equipped w ith a stir bar. nitrogen inlet

and septum was added K4-dibromo-2,5-di-;7-oct\'lbenzene"' 22 (15 g. 32.6 mmol). The

flask was evacuated for 1 hour then backfilled with N2. THE (400 mL) was added and

the stirred solution cooled with a CHCls/dr}' ice bath (-60 °C). 2.7 M n-BuLi (39.1

mmol) in hexanes was added dropwise then stirred for 5 minutes. This solution was

transferred by camiula to a stirred solution ofDMF (5 mL) in THF (50 mL) at -60 °C.

After the transfer was complete, the solution was allowed to warm to room temperature.

The solution was filtered over silica gel and the solvent evaporated. The residue was

cr} stallized with ethanol to give a white powder (9.6 g. 23.4 mmol, 72 %). 'H NMR

(400 MHz. CDCI3. 6) 10.22 (s, C(0)//. 1 H). 7.64 (s, Ax-H, 1 H), 7.54 (s, Ax-H, 1 H),

2.93 (t, J///r=7.8 Hz. Ai-CHi, 2 H), 2.73 (t, J///y=8.0 Hz, Ar-C//:, 2 H), 1.60 (m, Ar-CH.-

CH2. 4 H), 1.30 (m. C//2. 24 H), 0.88 (t. Jhh= 5.6 Hz. C//3, 6 H). ''C NMR (100 MHz,

CDCI3. 6) 191.62. 144.74, 140.72. 135.20, 132.86, 13.2.53, 131.28, 35.81, 32.50, 32.08,

32.05. 31.80. 29.94. 29.70. 29.64. 29.59, 29.43. 22.88. 22.86. 14.32. HRMS-EI (m/z):

[M]+ calcd for CzsHsTBrO. 408.2028; found. 408.2043.

4.7.9 Synthesis of l-bromo-2,5-di-/7-oct>i-4-vinylbenzne 25

To a 100 mL. 2 neck round bottom flask equipped with a stir bar. nitrogen inlet

and septum was added methyltriphenylphosphonium bromide (9.37 g. 26.2 mniol). The

flask was evacuated for 1 hour then backfilled with N2. THF (50 mL) was added and
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the stirred solution cooled with an acetone/dr>' ice bath (-78 °C). 2.7 M n-BuLi (25.0

mmol) in hexanes was added dropwise then the flask warmed to room temperature.

After 1 h, the solution was again cooled to -78 °C and 2,5-di-;7-octyl-4-

bromobenzaldehyde 24 (8.60 g, 21.0 mmol) in THF (25 mL) was added by syringe.

The reaction was allowed to warm to room temperature and stirred for 2 hours. The

solution was diluted with hexanes (100 mL) then filtered over silica gel. The solvent

was removed and the white solid dissolved in methanol and cry stallized to give

colorless needles (7.3 g, 1 7.9 mmol. 85 %. mp 29 °C). 'H NMR (400 MHz. CDCI3, 6)

7.30 (s. Ar-H. 2 H), 6.88 (d-d, Jf//y=17.4. 10.9 Hz. C//CH:. 1 H). 5.63 (d-d. J//a/=17.4,

1.4 Hz. CHC//2. 1 H), 5.29 (d-d. J/y/y=11.0. 1.4 Hz. CHC//2. 1 H). 2.68 (t. J///r=7.8 Hz,

Ax-QHi. 2 H). 2.58 (t, J///y=7.8 Hz, Ax-CHi. 2 H). 1.61 (m. A1--CH2-C//2. 4 H). 1 .53 (m.

Ar-CH2-C//2, 4 H), 1.28 (m. CHi, 20 H), 0.89 (t, ]hh= 6.9 Hz. C//?. 6 H). ''C NMR

(100 MHz, CDCI3. 6) 139.84, 139.73, 135.70. 134.14. 133.45. 127.49, 123.73, 115.65,

36.07. 32.82. 32.12, 32.10. 31.18, 30.33. 29.76, 29.69, 29.65, 29.50, 29.46, 22.91,

14.34. HRMS-EI (m/z): [M]+ calcd for C24H3qBr. 406.2235: found. 406.2201.

4.7.10 General Procedure for the Heck Coupling Polymerization of AB

Monomers

In a N2 filled drybox. N-methyldicyclohe.\\ lamine (0.10 g). palladium (II)

acetate (7 mg). tri-o-tolylphosphine (18 mg). 2.5-dioct> l-4-bromostyrene 25 (0.15 g).

one crystal of 3.5-di-r-butyl-4-hydroxy toluene, and DMF (1 mL) were added to a

reaction vial equipped w ith a stir bai- and Teflon valve. The reaction was sealed,

removed from the dr> box. and heated to 150 °C for 16 h. The solution was allowed to
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cool then diluted wilh chlorofomi and precipitated into ethanol. A green solid was

recovered following filtration. 'H NMR (300 MHz, CD2CI2, 6) 7.38 (Ar-H), 7.26 (Ar-

CH=CH-Ar), 2.58 (Ar-C/Zz). 1.68 (Ar-CUjCHjl 1.22 (alkyl CH2I 0.89 (CH2-C//3)

ppm. Size exclusion chromatography: Mn = 15100, = 33300, PDI = 2.20.

4.7.1 1 Synthesis of 1,4-bis-octjioxy-benzene 27

To a 500 mL. 2 necl: round bottom flask equipped with a stir bar. nitrogen inlet

and septum was added hydroquinone 26 ( 1 1 .0 g. 100 mmol), potassium carbonate (82.8

g. 600 mmol) and DMF (300 mL). The stirred solution was heated to 80 °C then octyl

bromide (42.4 g. 220 mmol) added via syringe. After 20 h. the reaction was allowed to

cool, poured into water (400 mL) and extracted with diethyl ether (3 x 300 mL). The

combined organic layers were dried over MgSOa. filtered and evaporated. Pure product

was obtained following crystallization with ethanol to give colorless flakes (19.9 g, 59.5

mmol. 60 %). NMR (300 MHz. CDCI3- 8) 6.82 (s. Ar-H, 2 H). 3.90 (t. J///^6.6 Hz,

Ar-0-C//2. 4 H). 1.75 (quint, Jhh^ 6.9 Hz. A1-O-CH2-CH2, 4 H). 1.44 (m. CH2. 4H),

1.30 (m. CH2. 20 H). 0.88 (t. Jhh^ 4.3 Hz. 6 H). NMR (100 MHz. CDCI3. 6)

153.42. 1 15.61. 68.89. 32.04. 29.62, 29.61. 29.47. 26.29. 22.88. 14.32.
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4.7.12 Synthesis of l,4-dibromo-2,5-bis-oct\ioxy-benzene 28

O

C8Hi7

To a 100 niL round bottom flask equipped with a stir bar. septum and oil

bubbler was added 1 .4-bis-octyloxy-benzene 27 (10.0 g, 29.9 mmol). iodine (0.30 g. 1.4

mmol) and dichloromethane (15 mL). The flask was wrapped with aluminum foil to

exclude light and cooled to 0 °C. Bromine (9.79 g. 61.3 mmol) was added drop wise

over 1 0 minutes and gas evolution was noted during the addition. The bubbler was

removed after 2 hours and the reaction stin-ed at room temperature for 20 hours. The

solution was poured into 20 % KOH,aq) (50 mL) then extracted with dichloromethane (3

X 50 mL). The combined organic layers were dried over MgS04. filtered and

evaporated. The product was obtained following thi-ee recrystallizations of the solid

material from ethanol. yielding a white powder (9.5 g. 19.3 mmol. 66 %). 'H NMR

(300 MHz. CDCT3. 6) 7.08 (s. Ar-K 2 H). 3.94 (t. Hz. Ar-O-CH:. 4 H). 1.82

(quint Jhh- 6.6 Hz. Ar-0-CH2-C//2. 4 H). 1.48 (m. CH2, 4H), 1.30 (m, C/f:, 20 H),

0.89 (t. iHH== 6.9 Hz. C//3. 6 H). ''C NMR ( 1 00 MHz. CDCI3. 6) 1 50.30. 11 8.69.

1 1 1.35. 70.54. 32.02, 29.48. 29.43, 29.34. 26.15. 22.88. 14.33.
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4.7.13 Synthesis of 4-bronio-2,5-bis-oct>ioxy-benzaldehyde 29

O

To a 250 mL. 2 neck round bottom flask equipped with a stir bar. nitrogen inlet

and septum was added l,4-dibromo-2,5-bis-octyloxy-benzene 28 (5.0 g, 10.2 mmol).

The flask was evacuated for 1 hour then backfilled with N:. THF (150 mL) was added

and the stirred solution cooled with a CHCls/dr}' ice bath (-60 °C). 2.7 M n-BuLi (1 1.2

mmol) in hexanes was added dropwise then stirred for 5 minutes. This solution was

transferred by cannula to a stirred solution ofDMF (1.5 mL) in THF (50 mL) at -60 °C.

After the transfer was complete, the solution was allowed to warm to room temperature.

The solution was filtered over silica gel and the solvent evaporated. The residue was

crystallized with ethanol to give a white powder (3.5 g, 7.9 mmol. 79 %. mp 54-55 °C).

•hNMR(400 MHz. CDCh. 6) 10.41 (s. C(0)//. 1 H). 7.31 (s, Ar-H. 1 H). 7.22 (s, Ar-

K 1 H). 4.02 (m. Ar-O-CHj. 4 H). 1.73 (m. A1--O-CH2-C//2, 4 H). 1.47 (m. C//2-CH3. 4

H). 1.31 (m. CH2. 20 H). 0.89 (t. J////=6.0 Hz. C//3. 6 H). NMR (100 MHz. CDCI3.

6) 189.09. 155.94. 150.03, 124.44, 121.12, 118.62, 110.76, 70.00, 69.63,31.99,31.97,

29.45. 29.41. 29.26. 29.21. 26.19. 26.14. 22.85, 22.84, 14.30, 14.28. HRMS-EI (m/z):

[M]+ calcd for C23H37Br03. 440.1926: found. 440.1994.
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4.7.14 Synthesis of l-bromo-2,5-bis-ocf> loxy-4-vinylbenzene 30

To a 100 niL. 2 neck round bottom flask equipped with a stir bar. nitrogen inlet

and septum was added methyltriphenylphosphonium bromide (3.20 g, 9.0 mmol). The

flask was evacuated for 1 hour then backfilled with Nt. THF (25 mL) was added and

the stirred solution cooled with an acetone/dr>' ice bath (-78 °C). 2.7 M n-BuLi (8.6

mmol) in hexanes was added dropwise then the flask warmed to room temperature.

After 1 h, the solution was again cooled to -78 °C and 4-bromo-2,5-bis-oct} loxy-

benzaldehyde 5 (3.30 g. 7.5 mmol) in THF (10 niL) was added via syringe. The

reaction was allowed to wann to room temperature and stirred for 2 hours. The solution

was diluted with hexanes (100 mL) then filtered over silica gel. The solvent was

removed and the product was obtained following crystallization from methanol to give a

white powder (1.9 g, 4.3 mmol. 57 %. mp 32 °C). 'H NMR (400 MHz, CDCI3. 6) 7.04

(s. Av-K 1 H). 7.01 (s. Ay-K 1 H). 6.97 (d-d. J////=17.9. 11.3 Hz. C//CH2. 1 H). 5.72

(d-d J///y-17.8. 1.4 Hz. CHC//2- 1 H). 5.27 (d-d. Wl 1.1, 1.3 Hz. CHC//:, 1 H). 3.99

(t. J///y=6.6 Hz. Ar-0-C//2, 2 H). 3.91 (t. J////=6.5 Hz, A1-CH2. 2 H). 1.79 (m, .-\i--0-CH:-

CH2. 4 H). 1.47 (m. C//2-CH3, 4 H). 1.29 (m. CHz. 20 H), 0.89 (t. Jhh^ 6.9 Hz, CHx. 6

H). '^CNMRdOOMHz. CDCI3.6) 151.04, 149.87. 131.39, 126.92. 117.80. 1 14.81.

1 12.22. 1 1 1.97, 70.47. 69.60, 32.03. 29.54, 29.47, 26.30. 26.22. 22.89. 14.34. HRMS-

EI (m/z): [M]+ calcd for C24H39Br02- 438.2133; found. 438.2170.
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4.7.15 Synthesis of N-dodecyl-3,6-dibromocarbazole 32

C12H25

To a 50 mL, 2 neck round bottom flask equipped with a stir bar. nitrogen inlet

and septum was added sodium hydride (0.24 g, 10.1 mmol), 3,6-dibromocarbazole 31

(3.00 g. 9.2 mmol) and DMF (30 mL). The solution was stiiTed at room temperature for

5 minutes then dodecylbromide (3.44 g. 13.8 mmol) was added 17V/ syringe. The

reaction was stirred for 16 hours at 65 °C. allowed to cool, and then poured into 100 mL

water. The solution was extracted with diethyl ether (3 x 75 mL) and the combined

organic layers dried over MgS04, filtered and evaporated. The residue was purified by

silica gel column chromatography (hexanes) then crystallized with methanol giving

colorless needles (3.54 g, 8.0 mmol, 87 %, mp 58-59 °C). 'H NMR (400 MHz, CDCI3,

6) 8.14 (d-d. J///r=2.1. 0.5 Hz. Ar-//. 2 H). 7.55 (d-d, J////=8.6. 2.0 Hz. Ai-H. 2 H). 7.28

(d. }hh=OA Hz. Ar-//. 2 H). 4.24 (t. J///^7.1 Hz, N-C//2. 2 H). 1.82 (quint, Jhh=6X N-

CH2-C//2. 2 H). 1.31 (m. C//2. 18 H). 0.88 (t. Jhh^ 6.8 Hz. C//3. 3 H). NMR (100

MHz. CDCI3. 6) 139.47. 129.17. 123.60. 123.42. 112.10. 110.57. 43.52. 32.12. 29.79,

29.73.29.66.29.53,29.04.27.41,22.90. 14.35. HRMS-EI (m/z): [M]+ calcd for

C24H3iBr2N. 491.0823; found. 491.0811.

4.7.16 Synthesis of N-dodecyl-3-bromo-6-carbaldehydecarbazole 33

0^2^25



To a 250 mL, 2 neck round bottom flask equipped with a stir bar. nitrogen inlet

and septum was added N-dodecyl-3.6-dibromocarbazole 32 (3.40 g. 7.7 mmol). The

flask was evacuated for 1 hour then backfilled with N2. THF (150 mL) was added and

the stirred solution cooled with an acetone/dry ice bath (-78 °C). 2.7 M n-BuLi (7.8

mmol) in hexanes was added dropwise then stirred for 5 minutes. This solution was

transferred by cannula to a stirred solution ofDMF (1 mL) in THF (50 mL) in a

CHCls/dr}" ice bath. After the transfer was complete, the solution was allowed to warai

to room temperature. The solution was filtered over silica gel and the solvent

evaporated. The residue was purified by silica gel column chromatography (3:2

hexanes/ethyl acetate) then cr}'stallized with ethanol to give a white powder (2.3 g, 5.2

mmol 68 %. mp 91-92 °C). 'H NMR (400 MHz, CDCI3, 6) 10.10 (s, C(0)//. 1 H),

8.56 (d. J///r=l.l Hz. Ax-H. 1 H). 8.27 (d. J////=1.7 Hz, Ar-//, 1 H), 8.04 (d-d, J///r=8.6,

1.5 Hz, Ar-//. 1 H). 7.61 (d-d. J////=8.7 Hz. 1.9 Hz. Ar-//, 1 H), 7.48 (d. Jf///=8.5 Hz. Ar-

K 1 H). 7.33 (d. .T///r=8.8 Hz. Ar-//. 1 H). 4.32 (t. J///r=7.2 Hz. N-C//:, 2 H). 1.87 (quint.

hH=12 Hz. N-CH2-C//2. 2 H). 1.23 (m. CHi. 18 H). 0.89 (t, J///r= 7.0 Hz. C//;. 3 H).

^-'C NMR (100 MHz, CDCI3, 6) 191.68, 144.31, 139.92, 129.54, 128.98, 127.60.

124.80. 124.51. 123.63. 122.08. 113.29, 111.00. 109.44. 43.73. 32.08, 29.76, 29.70.

29.63, 29.50, 29.05, 27.38, 22.87, 14.33. HRMS-EI (m/z): [M]+ calcd for CzfHszBrNO,

441.1667: found. 441.1589.

4.7.17 Synthesis of N-dodecyl-3-bromo-6-vinylcarbazole 34
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To a 50 mL. 2 neck round bottom flask equipped with a stir bar. nitrogen inlet

and septum was added methyltriphenylphosphonium bromide (1.93 g, 5.4 mmol). The

flask was evacuated for 1 hour then backfilled with N2. THF { 1 5 mL) was added and

the stirred solution cooled with an acetone/dr>' ice bath (-78 °C). 2.7 M n-BuLi (5.2

mmol) in hexanes was added dropwise then the flask warmed to room temperature.

After 1 h, the solution was again cooled to -78 °C and N-dodecyl-3-bromo-6-

carbaldehydecarbazole 33 (2.00 g, 4.5 mmol) in THF (5 mL) was added by syringe.

The reaction was allowed to warm to room temperature and stin-ed for 2 hours. The

solution was diluted with hexanes (20 mL) then filtered over silica gel. The solvent was

removed and the product obtained following recr>'stallization from methanol to give

colorless crystals (1.7 g. 3.9 mmoL 86 %. 45-46 °C). 'H NMR (400 MHz. CDCI3, 8)

8.20 (d, Jhh=\.S Hz. Ai-H. 1 H). 8.05 (d. J////=1.2 Hz, Ar-H, 1 H), 7.59 (d-d, Jhh=SA

1.5 Hz, Ar-H. 1 H). 7.52 (d-d, J////=8.6 Hz, 1.9 Hz, Ar-//, 1 H), 7.34 (d, J///y=8.5 Hz, Ar-

H. 1 H). 7.26 (d. Shh-^.S Hz. Ar-//. 1 H). 6.89 (d-d. J///^17.6. 10.9 Hz, C//CH2. 1 H).

5.77 (d-d. J///y=17.6. 0.6 Hz. CHC//.. 1 H). 5.22 (d-d. ]hh=\0.9. 0.6 Hz. CHC//2, 1 H),

4.25 (t. J//w=7.2 Hz. N-C//2. 2 H). 1.83 (quint. J//w=6.8 Hz. N-CH2-C//2, 2 H). 1.22 (m,

C//2, 18 H). 0.88 (t. Jhh^ 7.0 Hz. C//3. 3 H). '"C NMR (100 MHz, CDCI3. 6) 140.67,

139.58. 137.44. 129.40. 128.50. 124.80. 124.75, 123.28, 122.12, 118.72, 111.85,

111.57. 110.43. 109.12.43.44. 32.12. 29.80. 29.75. 29.67, 29.54. 29.10, 27.42. 22.90,

14.35. HRMS-EI (m/z): [M]+ calcd for C26H34BrN. 439.1875: found, 439.1838.
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4.7.18 General method for the preparation of CdSe-conjugated polymer

composite materials

In aN: filled dr}'box. functionalized CdSe nanoparticles ( 10 mg in 1 mL THF).

N-methyldicyclohexylamine (0.10 g). tetrakis(triphenylphosphine) palladium (2 mg).

and l-bromo-2,5-di-«-octyl-4-vinylbenzne 25 (0.15 g) were added to a glass tube

equipped with a stir bar and Teflon valve. The reaction was sealed, removed from the

dr>'box, and heated to 90 °C for 16 h. The solution was allowed to cool then

centrifuged for 30 minutes. The supernatant was decanted and CdSe-PPV composite

material was precipitated with the addition of methanol. The suspension was

centrifuged and the supernatant was discarded. The red CdSe-PPV material was dried

with a stream of Ni and stored as a solution in THF. Characterization data for CdSe-

PPV 35: 'HNMR (300 MHz, CD.Cb. 6) 7.37 (Ar-//), 7.27 (Ar-C//=C//-Ar). 2.58 (Ar-

CH2). 1.68 (Ar-CH.C//:). 1.21 (alkyl CH2I 0.88 (CH2-C//3) ppm. M4LDI (nv'z. %

max. intensit> ) 1096 (dimer. 21 %). 1422 (trimer. 21 %). 1748 (tetramer. 40 %). 2076

(pentamer. 100%). 2402 (hexamer. 50 %). 2730 (heptamer. 36%). 3058 (octamer. 17

%), 3386 (nonamer. 6 %).
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